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Abstract 
Cassava (Manihot esculenta Crantz) is a common food crop grown in the tropical and sub-
tropical regions of Asia, South-America and Africa due to the high tolerance of nutrient 
limitations and abiotic stresses. Recently, renewed interests in cassava as a source of 
industrial production of textile materials and gluten-free food raise the needs for large-scale 
commercial production with advanced, sustainable management. To satisfy its regions starch 
demand, a Korean company Cheil Jedang (CJ) began cassava farming in the Burdekin area, 
north-east Queensland, Australia by converting grazing land into an intensive, irrigated 
cassava farm. Proper fertiliser management is known to result in high starch production; 
however, no previous calibration work has been conducted in the Burdekin region for the 
production of cassava. A scoping survey had identified five main soil subgroups on the 
property of CJ: 1B and 1D (Vertosols, cracking clays), 2A and 2C (Sodosols, sodic duplex 
soils) and 3B (Chromosol, non-sodic duplex soil). The objectives of this study were to 
determine potential mineral nutrient limitations to crop growth on selected soils using soil 
chemical analyses and glasshouse bioassays and to confirm the findings in a field trial. Initial 
soil chemical analysis indicated 3B as nitrogen (N) and sulphur (S) deficient, and 2A, 2C, 1D 
and 1B as N, S and zinc (Zn) deficient. In contrast, glasshouse bioassays indicated N, 
phosphorus (P) and S limitation in all five soils and potassium (K) and Zn limitations 
occurring in soils 1D/2C and 1D respectively.  The discrepancies in P, K and Zn results 
between soil chemical analysis and glasshouse bioassay were attributed to limitations of pot 
studies such as the inaccurate representation of vesicular-arbuscular mycorrhizae (VAM) 
nutrient acquisition effect of highly immobile nutrients. Phosphorus field trials indicated no 
significant (p<0.05) P fertilizer response, which agreed with soil chemical analysis that P was 
not limiting in soil. However, there was a possibility that a fertilizer residue effect from the 
previous growing season was undetected by chemical analysis due to limitations derived from 
sampling procedure and spot application of previous P fertilizers. The current study 
emphasized the importance of considering biotic and abiotic factors when assessing nutrient 
availability. One such abiotic interaction involved moisture and boron (B), where plants 
grown in slightly deficient B soils were observe to exhibit B deficient symptoms under water 
stress. This highlighted the need to examine together the soil moisture content and soil B 
concentrations so as to define the stage before the plant became susceptible to B deficiency. 
Hence, in the follow-up study I explored the use of AmberliteTM IRA-743 B-specific resin to 
control soil solution B from deficient to sufficient concentration. The results indicated that it 
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was possible to control soil solution B at a lower rooting density using the current technique. 
Modifications were recommended for the objective to be achieved. Overall, this study 
demonstrated the needs of calibration for soil chemical analysis with the better understanding 
of factors that contribute to its limitation. 
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Chapter 1: Outline of Study 
 
1.1 General Background 
 
Effective soil fertility management remains an ongoing challenge for modern agriculture. As 
the world population increases, so does the demand of food. This demand has led to 
intensification of cultivation to achieve optimum yield per unit area. This yield-focus 
management tends to lead to over fertilization of agricultural fields as a means of dealing 
with the large uncertainty in abiotic conditions. The ease of use and the low cost of pesticides 
combined with quick plant response after application have pushed the use of chemical 
fertilisers to become the basis of current soil fertility management. However the large amount 
of fertiliser application often exceeds the nutrient demand of agricultural crops thus resulting 
in an excess nutrient pool in soil; often resulting in unintentional negative impacts on the 
surrounding environments (Weatherley et al., 2011; Wang et al., 2013). 
Minimizing this excess nutrient pool in soil is a key concept to ‘solve all plant nutrient 
requirements’ while mitigating the negative environmental impacts and maximizing 
economic returns. Using mass-balance approach, calibrating soil nutrient requirement for 
optimum yield of each crop at each site allows the nutrients taken out of the soil through 
harvest to be replenished and stockpiled with minimum losses to the environment. Soils vary 
greatly in their nutrient retention capacities and supply capabilities, depending on soil 
chemical and physical characteristics such as texture, mineralogy, organic matter, electrical 
conductivity, pH, temperature, and moisture. The amount of nutrients to be added can be 
calculated by subtracting amount available in the soil from the crop requirement, and adding 
the amounts lost to fixation or leaching (Asher et al., 2002). 
Conducting soil chemical analyses to identify limiting nutrients is less time-consuming and 
less expensive compared to running a complete set of site-specific field trials. However, few 
soil tests can be implemented on all soil types. Existing soil tests are calibrated by 
establishing a strong correlation between growth responses (e.g. dry matter, relative yield) 
and either the concentration of extractable nutrient (Moody et al., 1983) or the varied rates of 
fertiliser application. These data points generate a response curve that is specific to the 
nutrient, soil type and crop species. From the response curve, the critical range can be 
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estimated in the region of marginal stress, which is around 85–95% of the optimum yield. 
Glasshouse bioassays can provide initial information to reduce the extent of resource-
consuming field trials. Field trials are conducted on a macro-scale compared to the 
glasshouse bioassays, requiring more man-hours and much larger quantities of fertilizer for 
full assessment of all essential nutrients. In glasshouse bioassays, the omission trial 
determines the limiting nutrients to plant growth in the tested soil, while the rate trial 
determines the magnitude of the limiting nutrients in the tested soil. The data obtained from 
glasshouse trials cannot be directly extrapolated to the field conditions. In the glasshouse, 
plants are grown under a controlled environment to minimise the influences of the 
unpredictable abiotic factors in the field condition (Kidder, 1993). For example, with the 
controlled environment providing constant temperatures and soil moisture, response to 
nutrient additions are not hindered by the variability of the aforementioned factors. In 
addition, plants grown in pots have higher rooting density than that of field grown crops. In 
view of these limitations, plant response derived for the calibration must be taken from field 
conditions rather than data from controlled environments. Therefore, it is necessary to 
conduct field trials to verify the outcomes of glasshouse bioassay (Asher et al., 2002).  
Cassava is a common food crop grown in the tropical and sub-tropical regions of Asia, South-
America and Africa (FAO, 2013) due to high tolerance of nutrient limitations and abiotic 
stresses like droughts (Duque and Setter, 2013). Various mechanisms in cassava produce the 
high tolerances, such as control over stomata under moisture stress (Connor and Palta, 1981); 
reduction in canopy growth and leaf size (Ike and Thurtell, 1981); a deep, fibrous root system 
(Connor et al., 1981); extension of leaf life (El-Sharkawy et al., 1992); and potential 
hydraulic lift capability (El-Sharkawy, 2006). In Australia, cassava has been grown on a 
small scale for food for at least 100 years by Torres Strait Islanders and immigrants from 
various pacific island nations. Following the oil crisis in the 1970s, there was considerable 
interest in the possible large-scale cultivation of cassava to supply raw materials for a biofuel 
industry. This lead to considerable research on the agronomy and physiology of the crop 
conducted by the University of Queensland and what was then the Department of Primary 
Industries (Forno et al., 1979; Fukai et al., 1984; Keating and Evenson, 1979; Keating et al., 
1982). These studies showed that many coastal areas in Queensland were suitable for cassava 
cultivation, and that with appropriate inputs, high yields could be obtained. However, the 
dissolution of the oil crisis resulted in waning interest and no cassava industry was 
established. In recent times, there has been renewed interest in cassava as a source of 
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industrial starch for the production of textile materials such as cardboard, high-quality paper, 
various other chemicals (Jansson et al., 2009; Kristensen et al., 2014), and even the gluten 
free food industry. 
In view of the renewed industrial interest, a Korean company Cheil Jedang (CJ) began 
cassava farming in the Burdekin area, north-east Queensland, Australia by converting native 
grassland into an intensive, irrigated cassava farm. As the major crop produced in that region 
is sugarcane, little or no recent work has been published on soil nutrient management for 
cassava production in this region. Understanding nutrient limitations in the soil was essential 
in producing optimum econimic returns in a commercial, mechanized large-scale cassava 
production system. The research represented here involved identifying potential mineral 
nutrient limitations to crop growth on selected soils using soil chemical analyses and 
glasshouse bioassays. The resources available also permitted a start to be made on field 
fertilizer experiments that would be required to make sound fertilizer recommendations. In 
addition to this challenge, the soil maps of this region using Northcote’s Factual Key 
(Thompson, 1977) were too detailed for practical farming purposes. Hence, over a hundred 
soil types in Northcote’s key were categorized into four main groups (numbered 1 to 4) with 
2 – 5 sub-groups, which are identified by a following letter A - E. These subgroups are 
further divided into soil types, differentiated by landscape unit and soil profile. For example, 
soil 1B comprises of 13 types of cracking clay and soil 3B comprises of 5 non-sodic duplex 
soils, each with minor differences within each main group (Donnollan, 1991). A scoping 
survey conducted by Dr Ryosuke Fujinuma and Prof Colin Asher with assistance from David 
Yoo (CJ-ACT), confirmed the available soil map is reasonably accurate and also identified 
five main soil subgroups in the property of CJ; they are 1B and 1D (Vertosols, cracking 
clays), 2A and 2C (Sodosols, sodic duplex soils) and 3B (Chromosol, non-sodic duplex soil). 
Initial soil chemical analysis indicated 3B as N and S deficient, while 2A, 2C, 1D and 1B as 
N, S and Zn deficient. 
In the field operation on the property of CJ, visual boron (B) deficiency symptoms were 
observed in plants under prolong water stress. As the uptake of B is through diffusion and 
mass flow, soil moisture plays a critical role in B availability and uptake. The continuous 
supply of B has been shown to be crucial in plant growth, with discontinuous supply of B 
leading to rapid and permanent physiological damage at growing points (Hajiboland et al., 
2013; Wimmer and Eichert, 2013). During moisture deficit, this ill effect may be heightened 
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in plants that cannot mobilise B through B-polyol complexation or sugar transport. It has 
been suggested that B is immobile in the phloem of cassava (Konsaeng et al., 2005).  
The majority of research in B has been limited to solution culture studies as it provides more 
control over B concentrations in the system. However studies using solution culture only 
represent the condition of soil solution on B availability and therefore they cannot elucidate 
the B availability in heterogeneous condition of soil solution due to complexity of soil 
physical characteristics. The use of AmberliteTM IRA 743 B specific resin has been 
hypothesized to create an artificial B deficient soil system, which allows future moisture/B 
studies to be carried out with greater control. The resin has been successfully used in B 
solution culture studies (Asad et al., 2002; Asad et al., 2003), however, to date, the use of the 
resin has been limited to solution culture studies. 
In this thesis, the site specific calibration of soil nutrient requirement for the five mentioned 
soils will be generated in experiments 1 and 2 (Table 1.1). In addition to this, the use of 
AmberliteTM IRA 743 resin to control B concentrations in soil will be explored in experiment 
3. The conceptual link between these experiments is described in the flow chart (Figure 1.1).  
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Table 1.1: Objectives and Hypotheses of the Experiments 
The list of experiments 
Experiment 1: Glasshouse Bioassay 
 Objective:  To determine the growth limiting nutrients in soils and to decrease 
the extent of field calibration 
 Hypothesis 1.1: From previous soil test results, N, P and S will be the main limiting 
nutrients, but other limitations may be revealed 
 Hypothesis 1.2: Increasing rates of fertilizer added for the limiting nutrient will 
result in plant response 
Experiment 2: Response of cassava to P in the field on soil 3B 
 Objective:  To calibrate cassava’s P requirement according to field conditions 
 Hypothesis 2:  According to the glasshouse bioassay, there will be a response to P 
fertilization in the field trial. 
Experiment 3: The use of AmberliteTM IRA 743 resin to control soil solution B 
concentration 
 Objective: To explore the possibility controlling B availability in the soil as a 
tool for examining B response 
 Hypothesis 3: Addition of B specific resin to the soil will reduce solution B 
concentration to a level at which B deficiency occurs 
Note: Water stressed cassava grown on mildly B deficient soil was 
observed to display B deficiency symptoms. (Soil was classified 
mildly B deficient using 0.01M CaCl2 extractable B value) Non-
stressed plants grown on similar soil did not exhibit these 
symptoms. Glasshouse omission and rate trials also indicated no B 
plant response on similar soil. This technique will allow future 
assessment of interactions between moisture and B in the soil 
under controlled B concentration conditions. 
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                   Figure : Flow chart of research project   Figure 1.1: Flow Chart of Research Project 
EXPERIMENT 3: Explore the use of AmberliteTM IRA 743 resin in controlling soil solution B 
Final Aim 1: Site specific soil nutrient 
calibration for cassava production 
 
Final Aim 2: Explore the possibility of 
B/moisture studies using soil as a 
growth medium  
EXPERIMENT 1: Glasshouse bioassays 
EXPERIMENT 2: Phosphorus field trial for soil 3B 
Soil nutrient calibration for five soils 3B, 2A, 2C, 1B and 1D  Contrasting B deficiency status between soil chemical test values, youngest fully expanded leaf (YFEL) analysis values, visual plant deficiency symptoms and glasshouse bioassays results  
 
 
Site Specific Soil Fertility Calibration 
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Chapter 2: Literature Review 
 
2.1 Cassava background 
 
Cassava may have multiple origin locations in Latin America, with dispersal to adjoining 
areas since then. However, it has been suggested that the cultivated species originated on the 
southern edge of the Brazilian Amazon (Allem, 2002; Nassar, 1978; Renvoize, 1972). The 
first cultivation of cassava is believed to have occurred 6000 B.C. in the Amazonian 
rainforest, with further suggestions pointing to its cultivation by 4000 B.C. along the western 
Peruvian coast (El-Skarawary, 2004). It was then spread to tropical parts of Africa and Asia 
through Spanish and Portuguese explorers, where it began to establish itself in the 1800s. 
Cassava is now grown by millions of small-scale farmers on marginal lands and with 
unpredictable rainfall (FAO, 2013). 
As the world population increases so does its demand for raw materials, food and energy 
(Campo et al., 2011; Sriroth et al., 2010). In the past 30 years, the versatility of cassava has 
been demonstrated by its transformation from a staple food crop for cultivation in low 
fertility soils to also being a major starch source in the material manufacturing industry. Once 
the roots and the leaves have been processed to remove cyanide, cassava can be used for 
human and animal consumption. The dried cassava root is a rich source of carbohydrates, 
which makes it a staple food for most communities living close to the equator (FAO, 2013). 
The starch is used in the manufacturing of textiles, plywood, paper and importantly, biofuel 
in the form of ethanol (Jansson et al., 2009; Kristensen et al., 2014). Healthy mature stems 
are used to replant the following cassava crop, while the younger stem parts can be used as 
firewood or ground/shredded and used as mulch (FAO, 2013). 
Its innate ability to produce sustainable yields under adverse growth conditions increases 
cassava use in tropical parts of Asia, Africa and Latin America that possess marginal land 
(Cadavid et al., 1998; Fermont et al., 2008; Howeler, 2002). World cassava production 
doubled from 124 million tonnes in 1980 to 252 million tonnes in 2011 (FAO, 2013), which 
can be attributed to the demand for higher crop yields, and as the world comes to terms with 
material and energy shortages. 
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2.1.1 Botany 
 
Cassava is a woody perennial shrub that comes from the dicotyledon family, Euphorbiaceae. 
It can reach a height of 1–4 m, depending on whether its plant type is erect or spreading. Its 
leaves are relatively large and deeply palmate, with lamina having 5–9 lobes. The mature 
stem is woody, cylindrical and exhibits distinct branching patterns (Alves and Setter, 2000; 
Rubatzky and Yamaguchi, 1997). Although it might be a perennial crop, it can be harvested 
between 7–24 months after planting, depending on cultivar type, climatic conditions or starch 
quality preference (El-Sharkawy, 2004). As this is a considerable period of time, it makes a 
secure crop against famine, allowing farmers to adjust harvest dates to take advantage of 
favourable harvesting conditions or market prices (FAO, 2013). Cassava can be propagated 
from either stem cuttings or sexually through seeds. Propagation through seeds is used for the 
development of new cultivars, while the stem cuttings are commonly used for commercial 
cassava production as it exhibits quicker establishment, greater uniformity and more vigorous 
growth (Rubatzky and Yamaguchi, 1997). 
The roots are the main storage organ of cassava. As with other dicot species, if the plant is 
grown from a seed, a taproot system is developed. The taproot and a few other adventitious 
roots become storage roots at a later growth stage. On the other hand, a plant propagated from 
stem cuttings develops a fibrous root system, where 3–15 fibrous roots will become storage 
roots. Storage roots range from 0.7–15 kg, with a length of 15–100 cm and 3–15 cm in 
diameter. The ability of roots to absorb nutrients and water is reduced during this 
transformation, and eventually becomes insignificant. The size of the storage roots is 
dependent on cultivar, age and growth conditions (including day length). The variation in 
root sizes between cultivars is shown to be greater in cassava than other root crops (Rubatzky 
and Yamaguchi, 1997; Wheatley and Chuzel, 1993). 
 
2.1.2 Cyanide production 
 
Unprocessed cassava can be extremely toxic if consumed in large quantities. Each cultivar 
possesses unique degrees of ‘bitterness’, which is attributed to the cyanogenic glucoside (CG) 
found in all its organs, with the exception of its seeds. The greater part of cassava’s CG is 
made up of linamarin and lotaustralin. Linamarin is synthesised in the leaves and makes up 
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85% of total CG compounds in the plant. When linamarin is broken down by the enzyme 
linamarase and hydrolysed, its by-product is hydrogen cyanide, which is lethal to humans 
(Bayoumi et al., 2010; Blagbrough et al., 2010). A level of pest resistance in bitter varieties is 
attributed to the release of cyanide compounds in the event of plant part damage. The 
separation of linamarin in cell vacuoles and linamarase in the cell wall prevents the 
production of free cyanide in the undamaged plant (Andersen et al., 2000; Wheatley and 
Chuzel, 1993). The concentration of CG is dependent on cultivar, growth conditions, farming 
practices and age of plant (Butler et al., 1973; McMahon et al., 1995). Vandegeer et al. 
(2013) reported that water deficit resulted in a 3 to 4 folds increase of CG concentration in 
young leaves and tubers respectively. Butler et al (1973) concluded that altering farming 
practices to reduce cyanide levels was not practical as most cassava farming systems do not 
possess irrigation or machinery, further suggesting that selective breeding for cultivars with 
reduced production of cyanide compounds was more feasible. The roots are processed by 
heating, fermenting or drying so as to break down the cell walls releasing endogenous 
linamarase and gaseous release of hydrogen cyanide or biochemical degradation (Yeoh and 
Sun, 2001). 
 
2.2 Optimum growth conditions 
 
Cassava can be grown under a wide range of climates and soils. Its distribution around the 
world is heavily linked to climate, with most cassava production found between the tropic of 
cancer and the tropic of Capricorn (Figure 2.1), 15° N and 15° S (Rubatzky and Yamaguchi, 
1997) or 25° N to 30° S (El-Sharkawy, 2004) or 30° N to 30° S (Allem, 2002). Within this 
geographic zone, cassava is grown up to an elevation of 2300 m above sea level (Allem, 
2002). The huge variation of geographical location quoted is due to the choice of cultivars 
taken into consideration. If cool climate cultivars are included, geographical distribution of 
cassava production is increased. 
10 | P a g e  
 
Figure 2.1: Global intensity of cassava production in hectares per square kilometer (ha/km2). Increasing values 
from left to right with the colour grey being 0, followed by > 0-0.019, >0.019-0.194, >0.194-1.935, >1.935 
ha/km2. The 3 lines represent, starting from the top, the Tropic of Cancer, the equator and the Tropic of 
Capricorn (adapted from FAO, 2013; Monfreda et al., 2008). 
 
2.2.1 Temperature 
 
Rubatzky and Yamaguchi (1997) suggest that cool-climate cassava cultivars (i.e. M Col 2059 
or M Col 1522) reach optimum growth capacity when mean temperatures are between 25°C 
and 27°C for maximum leaf photosynthesis, however, adequate growth (approximately 50 – 
80% of optimum photosynthetic rate) occurs within a range of 16°C to 30°C. Growth ceases 
below 10°C and above 35°C. However for hot-climate cultivars (M Bra 12, M Col 22 and M 
Col 1684), studies by El-Sharkawy et al. (1992b) and El-Sharkawy (2006), indicated a broad 
optimum temperature of 25–40°C with a peak of 30–35°C. Photosynthetic rates declined 
rapidly above 40°C and stopped completely at 50°C. Other studies have shown that, 
sprouting and establishment from stem cuttings are most rapid when the soil temperature is 
between 28°C and 30°C. Sprouting ceases when the soil temperature decreases below 17°C 
or increases above 37°C (Keating and Evenson, 1979). Forno et al. (1979) also showed that 
sub-optimal root temperatures < 19ºC increased cassava’s susceptibility to B deficiency. In 
the sub-tropics with a lower mean annual temperature, photosynthetic activity is greatly 
reduced during colder months. Storage root bulking and harvesting time are delayed 
compared to warmer climates found in lowland tropics (El-Sharkawy, 2004). 
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2.2.2 Precipitation 
 
Cassava can survive under a large variation in precipitation, usually with an annual 
precipitation of between 500 – 5000 mm (Tan and Bertrand, 1972) or < 600 mm in semiarid 
tropics to > 1600 mm in subhumid/humid tropics (Allem, 2002). As cassava only exhibits 
drought tolerance after crop establishment, most cassava production occurs between 1000 and 
2000 mm (Connor et al., 1981; Rubatzky and Yamaguchi, 1997). Timely planting becomes 
increasingly important for small-scale farming without supplemental irrigation. Once the 
plant is capable of tolerating droughts, due to physiological mechanisms (see section 2.6), it 
will be able to survive without moisture for up to 12–24 weeks (El-Sharkawy, 2006). Water 
stress can be divided into three stages, early water stress (8–24 weeks after planting), mid-
season stress (16–32 weeks after planting) and terminal stress (24–48 weeks after planting). 
El-Sharkawy and Cadavid (2002) stated that early water stress reduced biomass growth 
significantly compared to other water-stress stages, thus illustrating the damaging effects of 
early water stress on crop recovery and eventual tuber bulking. In regard to non-irrigated 
farming, this highlights the importance of planting at the right time so as to avoid water stress 
during early growth. Large reserves of carbohydrate allow rapid regeneration when sufficient 
moisture becomes available once more (Rogers and Appan, 1972). 
 
2.2.3 Photoperiod 
 
In the tropics where cassava is grown, day length usually varies between 10–12 hours a day. 
In these tropical regions, photoperiod will have little effect on cassava growth patterns. 
Bolhuis (1966) showed that even though there were slight varietal differences in critical 
photoperiod, cassava required a 12-hour photoperiod to maximize growth. Veltkamp (1985) 
demonstrated that longer photoperiods increased shoot growth, while root development 
decreased. However, during shorter photoperiods the effect was opposite, without any 
differences in plant total dry weight. This was similarly reported in Keating et al. (1985), 
where long photoperiods promoted greater leaf area through increased number of leaves in 
both cultivars (M Aus 7 and 10) and leaf size (M Aus 7). Furthermore, it was concluded that 
whilst root development was enhanced under shorter photoperiods, shorter days were not 
required to initiate development of storage roots. Due to this fact, long photoperiods will 
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result in reduced carbohydrates available for storage root development (Keating et al., 1982; 
Veltkamp, 1985). 
 
2.2.4 Solar Radiance 
 
El-Sharkawy et al. (1992b) reported that cassava required a high solar radiance to express its 
photosynthetic potential in a study done in Colombia over a 10 month growing cycle with an 
average monthly solar radiation of 546 MJ/m2. In the easterly part of the state of Queensland, 
Australia, the average daily solar radiation along the coast is 19 MJ/m2, which averages to 
approximately 570 MJ/m2 per month, similar to the study conducted in Colombia. As with 
most other plants, shading of cassava leads to an increase in plant height through stem 
elongation. Leaves also tend to adapt to low solar radiation by increasing leaf area (Fukai et 
al., 1984) and shortening leaf life under severe 95–100% shading conditions (Cock et al., 
1979). Aresta and Fukai (1984) concluded that under limited carbohydrate supply, due to the 
reduced production of photoassimilates, shoots were the more dominant sink compared to 
fibrous and storage roots. 
 
2.2.5 Soil Type and pH 
 
Even though cassava is able to grow in varied soil types, the ease of root development and 
harvesting makes sandy or sandy loam (Rubatzky and Yamaguchi, 1997), or sandy loam to 
clay loam (Asher et al., 1980) soils preferable. These soil textures allow good water drainage 
and aeration without restricting root growth. On the other hand, poorly aerated soil will 
increase susceptibility to root diseases and compaction. Compared to sandy textured soils, 
sandy loams to clay loams would also provide better soil nutrient retention and reduced 
nutrient losses through leaching. Even though cassava prefers a pH of 5.5 for optimum 
growth, various studies have shown that cassava is able to withstand soil acidity and high 
levels of Al (Chew et al., 1981; Islam et al., 1980). In acidic soils, aluminium (Al) and/or 
manganese (Mn) toxicity, and N, P, K, calcium (Ca) and magnesium (Mg) deficiency tend to 
become more prominent. Chew (1971) demonstrated cassava’s acidity tolerance by achieving 
adequate growth from acidic peat soils of pH 3.7 limed to pH 4.7 in Malaysia. Another study 
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by Spain et al. (1975) also showed the response of 138 cultivars to a highly acidic oxisol (pH 
4.3), concluding that acid tolerance differed between culitvars. Edwards and Kang (1978) 
were able to demonstrate adequate growth (average 82% of maximum yield) from 2 cultivars, 
cv. Ojukaniye and cv. Apuwuru, grown in an acidic ultisol (approximately pH 4), concluding 
that both these cultivars were adapted to high soil acidity. On the other hand, cassava has 
been reported not to grow favourably in alkaline soils but is more susceptible to Zn 
deficiency (Howeler, 1985). 
 
2.2.6 Photosynthesis 
 
Cassava follows an atypical C3 photosynthetic pathway (El-Sharkawy et al., 1984) with 
photosynthetic rates between 25 and 30 µmol CO2/m2/s under field conditions (El-Sharkawy 
et al., 1990) or 13 and 24 µmol CO2/m2/s under controlled conditions (Edwards et al., 1990). 
Maximum leaf photosynthetic rate grown under optimum field conditions was reported to be 
between 40 and 50 µmol CO2/m2/s and at an optimum leaf temperature of 30-35 ºC (El-
Sharkawy, 2004). Cassava represents an intermediate photosynthesis between the C3 and C4 
pathways, and has been proposed to be an adaptive step towards the more ‘efficient’ C4 
pathway of higher plants (El-Sharkawy and Cock, 1987). The phosphoenolpyruvate 
carboxylase enzyme (C4 plants) was demonstrated to be active in the cassava, and was found 
to be comparable to several other C3 - C4 intermediate species (El-Sharkawy, 2006). Even 
though it lacks the leaf Krantz anatomy, cassava leaves have distinct green bundle sheath 
cells, spatially separated below the palisade cell, which not only perform C3 photosynthesis, 
but also transports photosynthates in the leaf, thus enhancing the photosynthetic capacity of 
the leaves (Allem, 2002). 
 
2.2.7 Planting 
 
The production of cassava is almost exclusively by stem cuttings, called ‘stakes’ or ‘billets’ 
in some cases. This method of propagation yields more homogenous plant population, 
compared to the use of seeds (Rubatzky and Yamaguchi, 1997). In heavy soils that have poor 
drainage, it is recommended to plant cassava on ‘beds’ or ‘ridges’ to facilitate optimal growth 
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and harvesting of the crop as it promotes aerobic conditions and drainage. The length of the 
billet may vary from 10–30 cm or 20–30 cm, depending on the amount of planting material 
available. However, a longer billet of about 25 cm (8–10 nodes) will provide higher 
establishment rates; this has been attributed to the amount of N, P and K stored in the billet 
(Molina and El-Sharkawy, 1995).  
Recent studies have demonstrated the use of ‘micro-billets’ (1–2 nodes) for the rapid building 
up of planting material prior to cassava production (Rubatzky and Yamaguchi, 1997). Their 
growth and establishment is largely dependent on available moisture, cultivar characteristics, 
and physiological/nutritional quality of the planting material. Even more recent production 
techniques have integrated the use of growth moisture chambers for the production of 
plantlets and tissue culture for the production of seedlings (Ceballos et al., 2010). These 
techniques were developed to attain a more controlled selection of planting material in view 
of increased yields through the elimination of pathogen infected parts. 
Cassava billets can be planted horizontally, vertically or at an angle depending on the growth 
environment (topography, moisture conditions). Keating et al. (1988) reported that billet 
orientation had no significant effect on plant growth or yield, but billets taken from upper 
parts of the mother plant reduced yield slightly, compared to billets taken from more mature 
parts that possess greater carbohydrate reserves. However, mature billets have an increased 
susceptibility to diseases, thus billets are often taken from the mid-point of mature woody 
stems. In usual production practice, billets are planted on the slight incline with one end of 
the billet placed 10–15 cm deep in the soil, planted equidistant (70–100 cm) from each other 
(Rubatzky and Yamaguchi, 1997). 
In places where supplemental irrigation is limited or unavailable, planting coincides with rain 
events. This allows the billet to have sufficient time for establishment and growth so as to 
withstand periods of drought. Farms with supplemental irrigation may practice similar 
planting timings to reduce unnecessary water usage. 
 
2.3 Growth and Development 
 
Being a perennial shrub, cassava’s growth alternates between vegetative growth, storage root 
development and dormancy. The existence, occurrence and duration of these phases are 
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governed by several factors related to cultivar, environmental conditions (changes in 
temperature and moisture) and farming practices (Allem, 2002). However, growth 
characteristics can be categorized within a certain growth period as shown in Figure 2.2.  
For the first 9 weeks after planting (WAP) or 63 days after planting (DAP), the cassava plant 
develops shoots and a fine root system. Leaf area index (LAI) has been used as a parameter 
for the evaluation of potential yield by various researchers, where-by a positive correlation 
between LAI and storage root yields has been established (Cock et al., 1979). Branching 
pattern, leaf size and duration of leaf retention varies between cultivars are factors relating to 
LAI. Cock et al. (1979) also reported that achieving and maintaning an LAI value of 3–3.5 
early in the season was optimal for storage root bulking rate. Root thickening starts at about 
9–17 WAP, when supply of photoassimilates exceeds demand for them in the shoot (Tan and 
Cock, 1979). 
 
 
Figure 2.2: Flowchart depicting the growth and development of cassava plant propagated from stem 
cuttings (Allem, 2002) 
5 - 15 DAP 
Emergence 
• Adventitious roots arise from basal cut surface or buds under the soil (5-7 DAP) 
• Sprouting occurs and first leaves emerge (10-12 DAP) 
15 - 90 DAP 
Leaf and root 
development 
• Leaves start to expand and contribute to plant growth 
• Growth depends on stem cutting reserves till 30 DAP 
• Fibrous roots replace adventitious roots and penetrate 40-50 cm deep, absorbing water and nutrients 
• Storage root transformation (60-90 DAP) 
90 - 180 DAP 
Canopy 
establishment 
• Maximum growth rates of leaves and stem, most active vegetative growth 
• Continous bulking of storage roots 
180 - 300 DAP 
High carbohydrate 
translocation to 
roots 
• Photoassimilate partition from leaves to roots increases 
• Highest accumulation of dry matter in storage roots occur 
• Leaf senescence increases 
 
300 - 360 DAP 
Dormancy 
• Decreased leaf production 
• Majority of leaves are dropped and vegetative shoot growth stops 
• Translocation of starch to roots continues 
• Phase is dependent on moisture availability 
• Followed by new vegetative growth (cycle may begin from 90-180 DAP phase) 
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Carbohydrates produced through leaf photosynthesis (source) are distributed to various plant 
parts (sink), which can be quantified through dry matter (DM). Better understanding of 
carbohydrate dynamics will maximize yield potential by harvesting at the peak of the 
translocated carbohydrates in the roots. Partitioning of DM to various plant parts differs 
between cultivar, especially between shoot and roots. In a study conducted by Howeler and 
Cadavid (1983) root DM production increased in the cultivar M Col 22 at 12 WAP showing 
an earlier translocation of carbohydrates than M Mex 59, which displayed more vigorous 
shoot growth up to 32 WAP. The DM accumulation in the root peaked at 36 weeks for M 
Mex 59 and 40 weeks for M Col 22. In addition to this, it has been observed that growth 
conditions such as photoperiod, moisture and nutrient availability, and temperature can play a 
role in changing the pattern (Fukai et al., 1984; Howeler and Cadavid, 1983; Keating et al., 
1982; Pellet and El-Sharkawy, 1997). 
 
2.4 Drought Tolerance 
 
Water use efficiency (WUE) can be established by either the ratio of C assimilation rate to 
transpiration rate or the ratio of biomass production to transpiration rate. Various studies have 
shown cassava’s tolerance to drought is linked to several physiological mechanisms that 
allow the plant to survive for extended dry periods before recovering quickly once adequate 
moisture is available. These mechanisms essentially involve water conservation and the 
efficient usage of stored carbohydrates (Duque and Setter, 2013). The mechanisms are:  
• The partial closing of the stomata in dry air and an almost complete stomatal closure 
during soil water deficit (Calatuyud et al., 2000; Connor and Palta, 1981; El-
Sharkawy, 2004; El-Sharkawy and Cock, 1984; Itani et al., 1999;). 
• The reduction in canopy growth through restriction of new leaf formation and reduced 
leaf size (Alves and Setter, 2000; Baker et al., 1989; Connor and Cock, 1981; Connor 
et al., 1981; El-Sharkawy et al, 1992; Ike and Thurtell, 1981; Yao et al., 1988). 
• Ability to extract available water and nutrients through fibrous root growth deeper 
into the soil profile (Connor et al., 1981; El-Sharkawy, 2004; Pardales and Yamauchi, 
2003).  
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• Extension of leaf life to partially retain photosynthetic capabilities (Cayón et al., 
1997; El-Sharkawy et al., 1992). 
• Potential hydraulic lift capability (El-Sharkawy, 2006). 
 
2.4.1 Stomata sensitivity to change in atmospheric humidity 
 
The phenomenon of stomatal activity linked to atmospheric and soil moisture conditions has 
been well documented over the past century (Bunce, 1981; Farquhar, 1978; Hoffman and 
Rawlins, 1971; Thoday, 1938). Cassava stomatal activity is similar to other plants, where it is 
used to regulate the exchange of gases between the plant and the atmosphere (Connor and 
Palta, 1981). However, the most distinguishing factor is its remarkable sensitivity to change 
in atmospheric humidity and soil water deficit by partially closing its stomata without any 
significant changes to leaf water potential, which is attributed to the large stomatal density 
(approximately 400 stomata/cm2 of leaf surface) on the abaxial epidermis (El-Sharkawy and 
Cock, 1987). According to El-Sharkawy and Cock (1984), stomatal density was observed to 
be positively correlated to the degree of sensitivity to change in atmospheric humidity across 
a range of tropical plants including cassava. In field grown cassava, it was reported that total 
biomass and root yields were greater in more humid environments at 70% relative humidity 
compared to relative humidity at 30%, which is credited to increased photosynthesis (Cock et 
al., 1985). A sensitive cultivar with higher stomata density will maximize yield potential in a 
semiarid, sub-humid environment, as the limited soil water will be conserved during long dry 
periods. On the other hand, a less sensitive cultivar would do better in a tropical environment 
with short water deficits, as water availability and use is not an issue (El-Sharkawy, 2006). 
Similarly, even if the location has long periods (> 3 months) of water deficit but possesses 
irrigation, the use of a cultivar with decreased stomatal sensitivity would ensure increased 
photosynthetic rates even during low atmospheric humidity, thus achieving maximum 
potential yield in a shorter period. 
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2.4.2 Extended leaf life and leaf movement 
 
During prolonged water deficits (> 2–3 months), the retention of leaves is essential in 
allowing continuous photosynthetic activity. Cassava’s photosynthetic rate can be reduced by 
40–60% under non-favourable conditions; this attribute allows the plant to recover almost 
instantaneously once moisture is available (El-Sharkawy, 1993). Depending on the cultivar, 
the stressed leaf is also capable of recovering after termination of water stress. Leaf retention, 
coupled with continuous photosynthetic activity during water deficit and partial recovery of 
stressed leaves allows the cassava plant to save resources on the invested leaf biomass and 
also allows the partitioning of excess photosynthates towards the roots. Newly formed leaves 
from previously stressed plants were observed to possess an approximate maximum 23% 
greater net photosynthetic rate compared to unstressed plants, which was attributed to 
enhanced carbon dioxide (CO2) fixation capacity (Cayón et al., 1997). 
There are two movements that the cassava leaf is capable of. Firstly, the cassava leaf petiole 
is able to orientate the leaf blade to capture higher levels of solar radiation during the 
morning and late afternoons when the angle of the sun is not in direct contact with most of its 
leaf surface area. This mechanism is similarly found in heliotropic plants like the sunflower 
(El-Sharkawy and Cock, 1984). Secondly, leaf blades are able to fold downwards, away from 
their usual horizontal position regardless of soil water or plant turgor. This not only results in 
a reduction of 6–7°C in leaf temperature, but an overall reduction of water loss from 
transpiration, whilst maintaining adequate photosynthetic rates (El-Sharkawy and Cock, 
1984). 
 
2.4.3 Canopy reduction through restricted new leaf formation and reduction of leaf 
size 
 
Cassava plants reduce their canopy size by restricting the further development of new shoot 
growth and reducing the size of their leaves. It was previously hypothesized that leaf 
senescence was also part of a water conserving mechanism. However, leaf senescence of the 
basal canopy has been credited to the decrease in light intensity due to high LAI values (4–8) 
in certain cultivars. Even though this mechanism allows increased water conservation in the 
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plant, it results in lower biomass and yield (Cock, 1979; Connor and Cock, 1981). Baker et 
al. (1989) concluded that stress brought on by water deficit late in the growing season was 
detrimental to yield as the ability of older plants to recover leaf area after the release from 
stress was greatly reduced. 
 
2.4.4 Root development 
 
Another mechanism that allows cassava to survive long periods of drought is their extensive, 
fibrous root system. In contrast to storage roots, their role is in the continuous acquisition of 
nutrients and water throughout the full growth cycle of the cassava plant. The establishment 
period for cassava is 10–12 weeks and is a critical phase in their growth cycle as it 
determines potential yield. During this period, fibrous root systems develop and are 
responsible for the acquisition of adequate nutrients and moisture (Pardales and Yamauchi, 
2003). As these root systems develop, they are able to penetrate deep into the soil profile to 
extract moisture and nutrients. Fibrous root densities were also found to be greater in plants 
that were exposed to water stress compared to well-watered plants (Connor et al., 1981; El-
Sharkawy, 2006). 
 
2.4.5 Hydraulic lift/redistribution 
 
Hydraulic redistribution (HR) is the passive movement of water in roots, where roots 
occupying moister soil layers are able to absorb water and move it to an area of the soil with 
lower water potential, usually situated closer to the surface. As transpiration reduces during 
the night, water is released into drier areas and reabsorbed the next day when transpiration 
increases (Caldwell et al., 1998). This upward movement of water from deeper in the soil 
profile to top layers is termed hydraulic lift (HL) (Richards and Caldwell, 1987). Not all 
plants possess the same level of HR, but it has been reported to occur in most plant species, 
more commonly than previously expected (Oliveira et al., 2005). This mechanism promotes 
the uptake of nutrients and moisture, and microbial activities in the surface soil layer where 
nutrients and microbes can be found in relative abundance compared to subsoil (Caldwell et 
al., 1998; Liste and White, 2008; Rose et al., 2008). As the difference in soil water potential 
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plays a crucial role in HR/HL, soil type and compaction dictates the release of water from 
roots (Yoder and Nowak, 1999). Even though HL has been reported to be widespread, no 
plant physiological trait has been directly linked to this mechanism. However, it has been 
shown that plants possessing a more extensive root system were able to redistribute more 
moisture compared to those with a smaller root system (Wan et al., 2000). Experiments have 
to be conducted on individual plants to determine HL potential (Liste and White, 2008; MuSa 
et al., 2013). El-Sharkway (2006) implied that cassava is likely to possess this mechanism 
due to its root system characteristics and inherent ability to survive on marginal land. 
 
2.5 Cassava nutrient requirement with a focus of phosphorus and boron  
 
Photosynthesis, transpiration and respiration are the three major processes that drive plant 
growth and development. These processes in turn require the presence of moisture, air, a 
favourable range of temperatures, soil (media), light and nutrients. These regulatory 
parameters of plant growth cannot be directly controlled; however, we can influence certain 
aspects with varying success, one of which is nutrient availability. With technological 
advances in fertilizer manufacturing and more in-depth knowledge of nutrient cycling, the 
quantities of available nutrients can be controlled through control-release fertilizers and 
manipulated to maximize crop production per unit of area land. 
In 1862 Liebig stated that “every field contains a maximum of one or more and a minimum 
of one or more nutrients. With this minimum be it potash, nitrogen… or any other nutrient, 
the yield stands in direct relation” (Asher et al., 2002). This is known as the law of the 
minimum or the law of limiting factors. In other words, crop yield is limited by the nutrient 
present in the smallest amount relative to crop requirement, and increasing other nutrients 
other than the limiting nutrient will not result in increasing crop yield. 
There are a few methods used in quantifying plant available nutrients. The most common 
method is soil chemical analyses. Soil test values are derived by a fraction of chemically 
extracted elements in the soil solution (intensity factor) or solid phase (quantity factor) and 
quantifying its concentration. The processes used in extracting the elements are dissolution, 
desorption, complexation or oxidation/reduction. Depending on the elements of interest, a 
specific process produces the best possible correlation between extracts and plant uptake. For 
example, the complexation of micronutrients is favoured, while desorption/ion exchange is 
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used to determine exchangeable cations (Peverill et al., 1999). The extraction procedure can 
either attempt to quantify the nutrient that is readily available to the plant roots or its potential 
availability. The amount extracted does not reflect the exact amount available to the plant, but 
is used to provide an index of its availability in the soil through their correlation under the 
defined conditions. The abstracted soil chemical analysis specific to cassava production, 
presented in Table 2.1, was extracted from Howeler (1996), where critical values/ranges were 
determined and compiled from various field trials conducted in parts of Asia and Colombia 
using a relative yield of 95%. There are various compounding factors that affect plant 
nutrient availability such as pH, soil moisture and soil texture. In addition, variability 
between different crop species in nutrient requirement and their associated root activities 
involved in nutrient uptake increases the difficulty in providing meaningful correlations 
between soil test values and actual plant uptake (Marschner, 1995). However, soil tests that 
take into consideration compounding factors provide a closer correlation to plant responses 
such as yield or biomass. It is evident that soil chemical testing can only provide empirical 
approximations of plant root activity, and are often specific to the nutrient, crop, soil and 
region (Perverill et al., 1999). 
Table 2.1: Soil chemical characteristics in relation to cassava nutrient requirement (Howeler, 1996) 
Soil Parameter Very Low Low Sufficient High 
pH <3.5 3.5 – 4.5 4.5 – 7 7 – 8 
OM % <1.0 1.0 – 2.0 2.0 – 4.0 >4.0 
P (μg/g) <2 2.0 – 4.0 4 – 15 >15 
K (cmolc/kg) <0.1 0.1 – 0.15 0.15 – 0.25 >0.25 
Ca (cmolc/kg) <0.25 0.25 – 1.0 1 – 5 >5 
Mg (cmolc/kg) <0.2 0.2 – 0.4 0.4 – 1.0 >1.0 
S (μg/g) <20 20 – 40 40 – 70 >70 
B (μg/g) <0.2 0.2 – 0.5 0.5 – 1.0 1 – 2 
Cu (μg/g) <0.1 0.1 – 0.3 0.3 – 1.0 1 – 5 
Mn (μg/g) <5 5 – 10 10 – 100 100 – 250 
Fe (μg/g) <1 1 – 10 10 – 100 >100 
Zn (μg/g) <0.5 0.5 – 1.0 1 – 5 5 – 50 
pH- H2O 1:5, OM- Walkey and Black, P- Bray 2, Ca/Mg/K- 1N NH4 acetate, S- CaSO4, B- Hot Water, 
Cu/Fe/Mn/Zn- 0.05 N HCl + 0.025 N H2SO4 
 
Soil test values are meaningless without correlation to a plant growth response; most often 
relative yield is used (Dahnke and Olson, 1990). There are two approaches to calibrating a 
soil test in the field. The first approach measures the plant yields in the presence and absence 
of the nutrient under examination. The second approach measures the plant response against 
various concentrations of the examined nutrient. A least squares curve fitting is performed 
followed the implementation of a mathematical model on the basis of goodness-of-fit 
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(Peverill et al., 1999). There are a number of possible responses that can be produced at each 
specific site between plant response and nutrient addition. Nutrient addition may result in a 
non-responsive, linear, quadratic, sigmoidal or toxicity response. 
The Mitscherlich model is the most common mathematical model used in the soil test 
calibration. The equation can be expressed as: 
Y = A(1 – Bexp-CN)       [Eq.1]  
where Y is relative yield, N is level of applied nutrient (kg/ha), A is maximum yield (kg/ha), 
B is proportional yield response to nutrient additions, and C is the curvature, where rate to 
maximum yield is attained. The relationship portrays steep increase in plant response with the 
increase in applied nutrient. The response starts to diminished according per unit of nutrient 
applied as plant response approaches a plateau stage, A. The rate at which A is achieved 
(coefficient C) in the deficiency zone depends on plant species, soil properties (i.e. moisture, 
buffer capacity, clay content), type of fertilizer (i.e. solubility) and method of fertilization. 
Exhibition of toxicity through high rates of fertilization does not fit the Mitscherlich model 
well. Rayment (1985) suggested removing data points that inferred toxicity before fitting the 
model, thus deeming a quadratic model more suitable for this case. Quadratic models are 
often used in approximating plant response to increasing rates of nutrient application. 
However, nutrient recommendations based on this model tend to be excessive (Black, 1993). 
The appropriate fitting between data and model provides an estimate of critical concentration 
range between deficiency, adequacy and to some extend toxicity (depending on model), for 
that particular crop and soil test. This estimate from the curve is usually taken at the point of 
marginal stress, or 90% relative yield (Asher et al., 2002). In essence, the critical level is 
deduced as the concentration of the nutrient in the soil or plant tissue above which, there is no 
significant response to nutrient additions (Howeler, 1996). 
Other methods to assess nutrient availability include plant digestion/analysis and glasshouse 
bioassays. Plant analysis can be viewed as a reactive measure compared to soil tests or 
glasshouse bioassays which are a proactive measure in rectifying nutrient limitations. In plant 
analysis, representative plant parts (most often the youngest fully expanded leaf) is taken, 
grounded and acid digested. The concentrations of specified elements can be quantified using 
colorimetric methods or through plasma spectrometry (Zarcinas et al., 1987). Critical 
concentrations are similarly derived from the process earlier described using soil as the 
subject (Table 2.2). 
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Table 2.2: Nutrient concentrations in youngest fully expanded leaf (YFEL) of cassava at 3 – 4 months 
after planting (Howeler, 1996) 
Nutrient Very Deficient † Deficient ‡ Sufficient ¶ Toxic # 
N % <4.0 4.1 – 4.8 5.1 – 5.8 - 
P % <0.25 0.25 – 0.36 0.38 – 0.50 - 
K % <0.85 0.85 – 1.26 1.42 – 1.88 >2.40 
Ca % <0.25 0.25 – 0.41 0.50 – 0.72 >0.88 
Mg % <0.15 0.15 – 0.22 0.24 – 0.29 - 
S % <0.20 0.20 – 0.27 0.30 – 0.36 - 
B (μg/g) <7 7 – 15 18 – 28 >64 
Cu (μg/g) <1.5 1.5 – 4.8 6 – 10 >15 
Fe (μg/g) <100 100 – 110 120 – 140 >200 
Mn (μg/g) <30 30 – 40 50 – 150 >250 
Zn (μg/g) <25 25 – 32 35 – 37 >120 
† <40%,  
‡ 40 – 80%,  
¶ >90%,  
# <90% of maximum yield 
 
There are two stages used in rectifying nutrient limitations using glasshouse bioassays. The 
first is identifying limiting nutrients through an omission trial and the second calibrating the 
amount required to rectify the limitation through a rate trial. In regards to rate trials, 
glasshouse bioassays can be used prior to the implementation of field trials to reduce the 
extent of the trial by providing an approximate range of rates that will provide the desired 
plant response. However, it is important to note that the direct extrapolation of glasshouse 
bioassay results is not used in soil test calibration, as growth of plants in pots is different to 
growth in the field (Kidder, 1993). These limitations may lead to an over or under estimation 
of field grown plant response (McConnaughay et al., 1993). This may include higher rooting 
densities, where the roots begin mining the soil for nutrients, altered root structure, and poor 
CO2 biomass response (Kidder, 1993; McConnaughay et al., 1993). Nonetheless, glasshouse 
bioassays allow the successful determination of limiting nutrients (omission trials) and also 
provide a helpful range of rates to guide field experimentation to refine rates of application to 
overcome the limitation. Therefore, it is generally noted that glasshouse bioassays are 
beneficial in the initial soil test calibration phase, but actual calibration can only be 
performed using field trial responses (Asher et al., 2002; Kidder, 1993). 
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2.5.1 Phosphorus 
 
Phosphorus is an essential yet deficient nutrient in most soils (Syers, 1974). It is well known 
that Australian soils are generally low in both total P and plant available P (Moody and 
Bolland, 1999; Anon, 2001). Pronounced P deficiency in Australia is due to geological and 
pedological history, where most soils are heavily leached and highly weathered. In addition 
to this, the lack of P-rich parent materials leads to a generally low P status across Australian 
soils (Holford, 1997). Phosphorus is essential for the plant life cycle because it is required in 
the synthesis of nucleic acid molecules, phospholipids, and is a vital component of the bio-
energy molecule adenosine triphosphate (ATP) (Tate, 1984). As ATP is a key driver of 
photosynthesis through its energy storage and transfer function, the lack of P results in 
reduced cell enlargement and formation, which is portrayed through external symptoms such 
as stunted plant growth, uniform yellow/purple chlorosis of the lower leaves, thin stems, short 
petioles, narrow leaf lobes and a reduction of lobes per leaf (Asher et al., 1980). In the soil, P 
is the most chemically reactive plant nutrient and spontaneously reacts with sesquioxides and 
exchangeable cations that are adsorbed on the surfaces of clay particles, causing it to be 
largely unavailable and immobile in the soil (Sposito, 1989). This leads to generally low 
available P concentrations in the soil solution. The extent of these reactions can be quantified 
through P sorption index or P buffer index (PBI) (Burkitt et al., 2002), which will be 
discussed in greater details later. Plants take up most of required P as orthophosphates in the 
form of H2PO4- and also HPO42- , the ratio of these two ions are dependent on soil pH. These 
forms of plant available P are categorized in the labile P pool. Soil P can also be found in two 
other pools, namely soil organic matter (SOM) and the non-labile pool. SOM typically 
contains 1-3% organic P compounds and can represent up to 80% of total soil P, primarily as 
inositol phosphates (Sposito, 1989). The role of SOM is important in P retention, availability, 
and cycling (Acosta-Martinez et al., 2008).  
In general, P in soils can be found in the following four forms (Figure 2.3) (Moody et al., 
2013). 
• Labile P (Solution P), available P in the soil solution 
• Non Labile P (Mineral P), occurs in various forms, precipitated P salts of low 
solubility (pH dependent), Ca or Mg phosphates in alkaline soils; and iron (Fe) or Al 
phosphates in acid soils or apatite from pedological processes 
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• Non-Labile P (Sorbed/Fixed P), ions that are adsorbed on the surfaces of Fe and Al 
oxy-hydroxides and Ca carbonates by electrostatic or covalent bonding 
• Organic P (Organic P) comprised of various compounds such as phytates or 
phospholipids found in SOM 
 
 
Figure 2.3: A representative diagram of the phosphorus cycle 
The most abundant P mineral in the soil is apatite [Ca5(F, Cl, OH)(PO4)3], which has a 
structure able to tolerate various cationic and anionic replacements (Rayment and Lyons, 
2011). Phosphorus is also frequently found in silicate minerals due to the isomorphous 
replacement of Si4+ by P5+ in the silicate (SiO4) tetrahedral structure (Rayment and Lyons, 
2011). The various forms of P are always in dynamic equilibrium with orthophosphates. 
When solution P is diminished through P removal (plant uptake through diffusion, sorption, 
precipitation, immobilization), it is replenished by labile P, which in turn is replenished by 
non-labile P (dissolution and desorption) and organic P (mineralization), albeit at a much 
slower rate (Kuo, 1991). 
From the P cycle, we can derive that SOM is an important source and sink of P for plant 
uptake, although mineralization or other bio-chemical reactions take place before it enters 
into labile soil solution phase. Mineralization is the conversion of organic P to inorganic, 
plant available forms (orthophosphates) through microbial activity. Immobilization on the 
other hand, takes place when microbes consume orthophosphates thus turning available P 
back into organic forms. After these microbes die, the microbial P is released into plant 
available forms again. Microbes that break down organic P produce an intracellular enzyme 
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called phosphatase (Haynes, 1982). During the chemical reaction, the phosphate molecule is 
removed from organic compounds, such as phospholipids (Criquet and Braud, 2008; Tate, 
1984). Phosphatases are present in most microorganisms; however, only bacteria and fungi 
are able to secrete them outside of their cell walls (Tabatabai, 1994). 
An important group of microorganisms that increase root P absorption are the VAM (Mosse, 
1973; Tinker, 1975). It is associated with the colonization of fine absorbing plant roots by the 
fungi, in which extension of hyphae into the soil beyond the P depleted zones that surround 
the surfaces of the roots (Sanders and Tinker, 1973), allow the fungi to absorb available P and 
translocate it to the plant roots. Similarly to plant roots, VAM is able to not only acquire P 
from inorganic sources but also in organic form through the production of phosphatase 
enzymes (Koide and Kabir, 2000). VAM is particularly active in low-P soils; however, not all 
crops are VAM dependent (e.g. lupins and canola). Being a microorganism, VAM’s 
effectiveness is greatly reduced during water deficits. As P is such a reactive element, plant 
available P is either readily precipitated with calcium at pH >7.2 to form hydroxyapatite 
Ca5(OH)(PO4)3, or to Al to form variscite Al(OH)2H2PO4 at pH 1.3-4.3, and Fe to form 
strengite Fe(OH)2H2PO4 at extremely low pH values. Phosphate ions are hydrolysed and 
‘made available’ between pH 4.3-7.2 (Hue, 1992; Ure and Berrow, 1982;). Other factors that 
directly affect P fixation are type and amount of clay minerals present and the exchangeable 
Al in the soil (Sposito, 1986). Understanding the limitations of P availability is essential in 
maximizing P uptake by the crop. 
Cassava’s ability to produce modest yields on low fertility, marginal land has been well 
documented, as well as a significant yield increase with the sufficient addition of fertilizers 
(De Tafur et al., 1997; Edwards et al., 1976; El-Sharkawy, 1993; Howeler, 1990; Howeler, 
1994; Howeler and Cadavid, 1983; Iglesias et al., 1996; Mason and Leihner, 1988; Pellet and 
El-Sharkawy, 1997; Putthacharoen et al., 1998; Romanoff and Lynam, 1992). Cassava’s yield 
is usually limited by low P concentrations on acid soils (Howeler, 1985); however, cassava’s 
yield relation to P fertilization is widely debated. 
Variable responses to P fertilization have been largely dependent on variety, VAM infection, 
soil properties (pH and texture) and P application method. Cassava’s tolerance to low nutrient 
supply, especially to P (highly immobile in the soil), can be primarily associated to its 
relation with VAM (Howeler et al., 1987). Under field conditions, this association between 
fungi and plant is rapidly established (Howeler et al., 1982). The effectiveness of the relation 
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is determined by density and composition of prevalent soil fungal communities (Sieverding 
and Howeler, 1985; Straker et al., 2009), the extent of root infection (Hahn et al., 1981) and 
varietal root growth capacity of individual plants (Morante, 1990). Other mechanisms such as 
microbial phosphatase enzymatic activity and the production of organic acids from plant 
roots also determine cassava’s ability to acquire soil P. Pellet and El-Sharkawy (1993b) 
concluded that varietal difference in P uptake was primarily attributed to fibrous root length 
density rather than to VAM infection rate. As VAM acts as an extension of the plant’s roots, 
uptake of immobile nutrients will primary rely on the expanding surface area of a fibrous root 
system, rather than the level of infection of the roots. A 1993 study demonstrated VAM 
infection between four varieties ranged from 36–44% (Pellet and El-Sharkawy, 1993b). 
VAM infection was the highest in cassava compared to other tropical root crops, with the 
highest spore density found in sandy textured soils (Howeler, 1992). This was compared by 
Potty (1985) in a study that showed the infection of cassava roots by more than a single 
species of VAM fungi. Straker et al. (2009) further showed that VAM species diversity 
corresponded to total and available soil P levels. Sieverding and Howeler (1985) also 
reported that the presence of VAM species, Glomus manihotis, remained effective even at 
high P levels. Pellet and El-Sharkawy (1997) measured significant response in total and aerial 
biomass for all four cultivars used in the experiment. However, one cultivar M Col 1684 did 
not respond in terms of dry root yield to P fertilization. The experiment involved the use of 
three rates of P between 0 and 100 kg ha-1 and was conducted on an Inceptisol  with clayey 
texture (52% clay). Zaag et al. (1979) showed no significant yield response to P fertilization; 
even though there were significant vegetative growth biomass differences in treatments with 
higher P rates. This was similar to the response in M Col 1684 reported by Pellet and El-
Sharkawy (1993b). Zaag et al. (1979) conducted the study with six cassava cultivars on two 
Oxisols varying ten levels of soil solution P between 0.07 – 51.7 µM. This supports the 
conclusion by Cock et al. (1979) that root growth is less sensitive to mineral deficiency than 
shoot growth. In both studies, P fertilizer was applied through broadcasting and incorporating 
into the top 15–20 cm. Hicks et al. (1991) used similar P application method and reported 
significant P response on yellow podzolic and podzol soils whilst no response on krasnozem, 
alluvial loam and yellow earth (High P fixing soils). Fulton et al. (1983) compared P 
application rates and methods on ‘post bauxite mining replaced lateritic red earth’ in relation 
to cassava yield. It was reported that yields from banded fertilization were greater than those 
in broadcast application, suggesting that responses to banding is greater in soil that has higher 
28 | P a g e  
 
P fixing characteristics. Banding ensured decreased surface area contact between P fertilizer 
and the P fixing soil. This leads to the conclusion that: 
• Phosphorus use efficiency (PUE) is increased in cassava cultivars with high fibrous 
roots, length and density and moderate shoot growth 
• In subsistence farming, these traits in addition to VAM infection rates are crucial in 
increasing yield, whilst the intensive use of fertilizers generally decreases VAM 
effectiveness 
• In modern precision agriculture, understanding soil properties in relation to P 
availability is essential in increasing PUE and determining fertilizer rates and 
application method 
• P application rates and methods must be calibrated in association with availability 
factors such as cultivar, soil fixing properties and native soil P concentrations 
There have been several soil P analytical methods used across Australia. They are: BSES-P 
(Kerr and von Stieglitz, 1938); Olsen-P (Olsen et al., 1954); Colwell-P (Colwell, 1963); and 
Mehlich 3-P (Mehlich, 1984). Total P in the soil exists in both organic and inorganic forms. 
Soil P can be broadly categorized into 4 main fractions, ‘solution P’, ‘sorbed P’, ‘mineral P’ 
and ‘organic P’(refer to Figure 2.3) (Moody et al., 2013). To determine total P, oxidation of 
organic constituents and dissolution of inorganic P sources have to take place. The use of an 
acid digestion, fusion or oxidation methods can be used to quantify total soil P. Establishing 
total P does not provide sufficient details to make a precise decision on the addition of 
nutrient amendments to supplement crop development (Kuo, 1991). Therefore, it is more 
beneficial to quantify various P fractions and comprehend their processes that govern P 
availability so as to understand P turnover rates in differing environments or cropping 
systems. The long term quantification of organic P provides a better idea of mineralization 
and immobilization turnover rates of P, which is highly dependent on soil particle micro-
aggregation, moisture, temperature, pH and C:N:P ratio of the organic substrate (Moody and 
Bolland, 1999). To determine plant available P, soil solution P, labile P and PBI must be 
quantified. The number of sorption sites and the strength of adsorption regulate the sorbing 
and desorbing of P from surfaces. Phosphorus buffering capacity, measured as the quantity of 
P adsorbed or desorbed for a unit of charge in solution P (Nye, 1980), governs the 
relationship between soil solution P concentration and quantity of P potentially available 
(solid phases) for plant uptake. On the other hand, the solubility of the compound governs the 
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turnover rate of mineral P through dissolution-precipitation reactions. As these compounds 
are relatively insoluble, dissolution will take place when orthophosphate concentration in P 
solution is low. In contrast, precipitation occurs during high solution P, usually in proximity 
to fertilizer granules. The relative importance of these four fractions and the processes 
involve with P availability is highly dependent on factors such as pH, mineralogy and clay 
content. Therefore, it is imperative that P analysis method is tailored accordingly to 
contrasting soil types (Moody et al., 2013). 
 
2.5.2 Boron 
Boron in plants 
Boron is one of the micronutrients essential to plant growth. Boron has long been generalized 
to possess a narrow concentration range between deficiency and toxicity (Goldberg 1997; 
Reisenauer et al., 1973). However, recent studies have indicated this generalized idea may 
not be as accurate as thought. 
Plant species differ in their B requirement and uptake capacity. This difference in the 
requirement is likely attributed to the difference in cell wall composition. Monocots, 
particularly those from the grass family (graminaceous species) generally require less B, with 
critical deficiency range between 5–10 µg B/g, while dicotyledonous species critical 
deficiency range between 20–70 µg B/g (Bergmann, 1992). For critical deficiency 
concentration in cassava plant tissue, a value of 17 µg B/g was suggested by Forno et al. 
(1979), while Asher et al. (1980) provided a value of 15 µg B/g. However, Howeler et al. 
(1982) provided a critical concentration of 35 µg B/g, which is more than twice the 
concentration previously provided by Forno et al. (1979) and Asher et al. (1980). It is 
suggested that this may be due to Forno et al. (1979) basing B critical concentration value on 
‘plant tops’, which may have included stem and petiole parts, however, both Forno et al. 
(1979) and Asher et al. (1980) B critical concentration was based on YFEL analysis. 
Boron is closely associated with cell differentiation at the plant meristem, both at the root and 
shoot tips, where cell division is active and cells have pectin-rich cell walls (Brown and 
Shelp, 1997). Boron deficient plants will continue cell division at its tips, however, without 
cell differentiation, which otherwise would result in the production of stems, flowers or 
leaves. This leads to deformed and stunted growing points, which fail to exist at later stages 
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of the deficiency. In some cases, brown gummy substance from the upper petioles will be 
excreted (Asher et al., 1980). With the loss of the apical dominance, there is a proliferation of 
side shoots. Other symptoms of B deficiency include disorganization of vascular tissue, 
discontinuities in xylem structure, thinner xylem walls, fewer stomata and increased stomata 
deformity in soybean (Glycine max (L.) Meer.), coffee (Coffea arabica) and cotton plants 
(Gossypium hirsutum) (Oosterhuis and Zhao, 2001; Rosolem and Leite, 2007; Will et al., 
2011). 
As B also plays a critical role in cell elongation and expanding tissues, a constant supply is 
essential throughout the plants growth (Brown and Hu, 1994). Boron deficiency can lead to 
permanent damage of vascular tissues through poor cell elongation. Even a short period of 
deficiency induces deformation and necrosis in xylem tissues. This consequential effect on 
plants ability to tolerate drought stress, creates an imbalance in other nutrients, and affects 
plant reaction to foliar fertilizer application (Wimmer and Eichert, 2013). In general, this 
inhibition is also found in the roots, where root elongation was inhibited just 3 hours after 
cessation of B supply. The effect was more severe after 6 hours before elongation completely 
ceased after 24 hours (Marschner, 1995). 
The majority of B is taken up by the plant roots through a passive, non-metabolic process. It 
is then translocated through the xylem following the transpiration pathway (Hu and Brown, 
1997). Boron is generally highly phloem immobile in the plant as over 90% of total B is 
strongly complexed in the pectin fraction of cell walls. However, B immobility is highly 
species related and dependent on the ability of the plant to complex B with compounds such 
as phenols, sugar, sugar alcohols, organic acid and some polymers (Hu and Brown, 1997). 
Boron can be translocated through the formation of B-polyol complexes in older leaves to 
younger leaves or reproductive organs (Brown and Shelp, 1997). A recent discovery in tea 
(Camellia sinensis (L.) O. Kuntze) also provided evidence of considerable re-translocation of 
B from old to new leaves despite the lack of polyol compounds (Hajiboland et al., 2013), 
further suggesting that the transportation is through sugars such as monosaccharaide glucose. 
In the study, B content was observed to be consistent in both old (48%) and young (53%) 
leaves under adequate B supply, however, B content was significantly lower in older leaves 
(18%) compared to younger leaves (49%) under low B conditions. Konsaeng et al. (2005) 
suggested that B was immobile in cassava by examining the steepness of difference in B 
concentrations between old and new leaf and comparing those against Ca (phloem immobile) 
and K (phloem mobile) concentration gradients. However, the study concluded that the data 
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were inconclusive and follow-up studies involving the use of 10B isotope were required for 
confirmation. 
Boron in Soils 
Soil B deficiency is more prominent in areas with high rainfall and coarser textured soils with 
lower pH. For most crops, including cassava, the critical range (below which reduction in 
yield of 10% or more of maximum is expected) for soil B is 0.2–0.5 μg/g (hot water 
extractable B), while soils that have > 2 μg/g are considered toxic to plant growth (Howeler, 
1985). Deficiency symptoms occur due to B solubility at low pH, which increases its 
susceptibility to leaching below the root zone after heavy rain events (Perkins, 1995; Choi et 
al., 2006). On the other end of the pH spectrum, reduced solubility under alkaline conditions 
also limits B availability through the adsorption of the borate anion (Marschner, 1995). This 
effect may occur after liming of acid soils because of increased B adsorption at a higher pH 
with the input of Ca carbonates (Reisenuauer et al., 1973). On the other hand, B toxicity is 
commonly related to irrigation water containing high B concentrations (Nable et al., 1997). 
The primary factors affecting B availability and extent of B adsorption in soils are solution 
pH, texture, moisture, SOM and clay mineralogy. 
There are four main pools of B in the soil. 
• Soil solution B (boric acid or H3BO3) 
• Mineral B (tourmaline parent material, B released through weathering) 
• Adsorbed B (adsorbed onto clay minerals, layer silicates or Fe/Al hydroxides 
depending on pH, released through desorption) 
• Organic B (released through microbial mineralization) 
Soil B is usually found in the form of boric acid (H3BO3), which is a very weak, uncharged, 
monobasic acid. Under natural conditions, more than 98% of B occurs in the form of boric 
acid and less than 2% as the borate anion (Marshner, 1995). The borate anion, B(OH)4- is 
formed when H3BO3 accepts a hydroxyl ion. Boron minerals like tourmaline are highly 
insoluble, while hydrated B minerals are soluble, thus limiting both pools in dictating B 
availability in the soil solution (Goldberg, 1997).  
The availability of soil B decreases as soil moisture decreases; conversely, soil B 
concentration is also generally lower in deeper subsoil where more moisture is found and 
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used by the plants (Fleming, 1980). In addition, there is a reduction in soil solution mobility 
and in B diffusivity with the increased diffusion path length (Scott et al., 1975). In addition, 
wetting and drying cycles were found to increase B fixation in soils, producing a more 
pronounced effect with increased B additions (Biggar and Fireman, 1960; Keren and 
Mezuman, 1981). 
There are four surfaces where B adsorption takes place: oxides, clay minerals, Ca carbonates 
and organic matter (Goldberg, 1997). Boron adsorption onto Al/Fe oxides is considered 
ligand exchange with surface hydroxyl groups. This happens when specific adsorption of the 
borate anion onto the mineral surfaces occurs. As a hydroxyl ion is accepted, the point of zero 
charge (PZC) is skewed towards a more acidic pH (Goldberg et al., 1993; Su and Suarez, 
1995). The adsorption of B to Fe oxide minerals showed little ionic strength dependence thus 
suggesting adsorption to be inner-sphere, whereas decreased B adsorption was observed in Al 
oxides when ionic strength was increased, thus suggesting an outer-sphere surface 
complexion (Goldberg et al., 1993). Boron adsorption to Al/Fe oxides is positively correlated 
with pH, with an adsorption maximum at pH 6-8 for Al oxides and pH 7-9 for Fe oxides (Su 
and Suarez, 1995). 
Similarly to P, B adsorption is positively correlated with clay content (Nicholaichuk et al, 
1988). The order of B adsorption per unit mass of clay mineral is kaolinite < montmorillonite 
< illite (Hingston, 1964). Boron adsorption to clay minerals is considered to consist of two 
stages; firstly, B is adsorbed onto the clay particle edge (ligand exchange with hydroxyl 
groups) and subsequently incorporates structurally into tetrahedral sites by replacing Si or Al 
(Couch and Grim, 1968). Goldberg and Glaubig (1986) further suggested that the majority of 
B sorption sites were B specific, as adsorption onto kaolinite and montmorillonite was not 
significantly affected by substantial silicate adsorption. The concentration of the phosphate 
anion decreased B adsorption on oxides; however, this effect was not substantial with 
nitrates, sulfates or chlorides (Jasmund and Lindner, 1973). The exchangeable cation also 
influences the degree of B adsorption. As Ca2+ in saturated clay occurs as tactoids, the diffuse 
double layer and negatively charged fields are less extensive compared to Na and K clays, 
thus allowing borate anions better accessibility to their clay particle edges (Keren and Gast, 
1981). 
Contradiction on the effect of organic matter on B adsorption has been widely reported. 
While Sharma et al. (2006) reported an increase in B adsorption with the addition of organic 
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matter, Olsen and Berger (1947) and Diana et al. (2010) observed a decrease in B adsorption 
when organic matter was added. Lastly Marzadori et al. (1991) and Sakar et al. (2014) 
reported an increase in B adsorption with the removal of organic matter. It was thus 
suggested by Sakar et al. (2014) that organic material coats the surfaces of Al, Fe oxides and 
other adsorption sites, which possess good B adsorptive capacity. Therefore, by removing or 
adding organic material these sorption sites are either exposed or concealed. This results in 
varying effects of organic matter on B adsorption capacity, which is highly dependent on the 
presence and concentrations of these oxides. This was further illustrated by the removal of Fe 
and Al oxides, which significantly decreased B adsorption in the soil thus showing a positive 
correlation between B adsorption and Fe/Al oxides (Bloesch et al., 1987). The adsorption of 
B is similar to that of P in that both of them are negatively charged ions (anions). In general, 
due to the mostly negatively charged surfaces of soil colloids at neutral pH, anions are 
usually are repelled from soil mineral surfaces. This repulsion is greater if the negative 
charge on both the solid mineral surface and the anion are greater. In variably charged soils, 
lowering the pH will decrease the net negative charge of the soil, thus resulting in decreased 
anion repulsion (Sposito, 1986). 
In water treatment technology, B-specific resin (AmberliteTM IRA-743) is used in the 
purification of wastewater by controlling B concentration using ion adsorption described 
earlier (Kunin and Preuss, 1964). AmberliteTM IRA 743 resin, a trademark of the Dow 
Chemical Company, is a B-specific chelating resin to remove borate, boric acid and other 
species of B. This resin has a saturation capacity between 2.2–5.0 mg B/g (Asad et al., 2002), 
is highly selective for B, and does not show significant interference from salts and bases. The 
B-specific resin is formed through the reaction between the chloromethylated copolymer of 
styrene divinylbenzene with N methyl-glucamine (Lyman and Preuss, 1957). The resin is 
generally used in water treatment plants by selectively removing B either for disposal or 
consumption. As B in solution passes through the resin, B is retained through the complexing 
of the borate ion by two sorbitol groups (Simonnot et al., 2000). The resin can be regenerated 
in a two-staged process: firstly 10% sulphuric acid is used to strip B, which is followed by 
4% sodium hydroxide to remove acidic salts (Kunin and Preuss, 1964). AmberliteTM IRA-743 
resin has been successfully reportedly to create a B buffered solution culture, which allows 
the study of B in a controlled environment (Asad et al., 1997a; Asad et al., 1997b; Asad et al., 
2001; Asad et al., 2002). The resin has even been used in a soil B extraction process to 
quantify plant available B (Adams et al., 1991). 
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In Australia, B is commonly extracted and quantified through two methods; hot water 
extraction (Berger and Troug, 1939; and Haddad and Kaldor, 1982) and 0.01M CaCl2 
extraction (Cartwright et al. 1983). According to Aitken et al. (1987), the CaCl2 extraction 
has proven to be a superior indicator of B concentration, especially in acid to neutral soils, as 
it is able to fully extract B without being affected by colloidal material involvement. Both 
these extraction methods are highly correlated (r2 = 0.92) (Simard et al., 1996), but are also 
highly dependent on soil texture. For example, it has been reported that critical values of B 
from soil test critical values increased with clay content of the soil (Asher et al., 2002). 
Studies done by Zbíral and Němec (2009) and Simard et al. (1996) in Europe found the 
Mehlich-3 extraction to not only be well correlated to plant response but more cost and time 
effective in determining B concentrations without any modifications. 
 
2.6 Concluding Remarks 
 
The review of literature has shown the magnitude of tolerance of cassava to water deficit and 
low soil nutrient levels. Even though data indicate cassava is a crop well-suited for 
subsistence farming on marginal lands, its yield per unit area (compared to cereal crops) can 
be substantially enhanced with sufficient inputs of fertilizer. Soil nutrient calibration 
according to soil type is essential to increase fertilizer use efficiency, which leads to reduced 
environmental losses and increased economic gains. Even though Fulton et al. (1983) 
performed nutrient calibration in dry-tropical Queensland, a full soil nutrient calibration of 
the five soils found on CJ farm is required because they have substantially different soil 
characteristics to the lateritic red earth studies by Fulton et al. (1983). In addition, P fertilizer 
requirement of a crop is often varied among soils with contrasting texture and mineralogy, 
thus site specific calibration of P requirement is highly beneficial (Hicks et al., 1991), 
especially with rising prices of phosphate fertilizers. This nutrient calibration of the five soils 
will be addressed in chapter 3 and 4.  
From the review, B has also been shown to be an essential but sensitive micronutrient to 
manage for cassava production. Its continuous uptake for sustained cell development through 
the means of mass flow leads to its critical association with moisture. This tenuous 
relationship is of particular importance for plant species that are unable to redistribute B; for 
example through B-polyol complexation. Konsaeng et al. (2005) speculated that B was 
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immobile in cassava using Ca as a surrogate nutrient. Under the conditions of the CJ field, B 
deficient symptoms were reported in some cassava plants that were under water stress. In 
contrast, plants not under water stress did not exhibit deficiency symptoms. Soil chemical 
tests further categorized the soil as mildly B deficient. However, leaf analysis of both stressed 
and healthy plants did indicate deficiency. Chemical extractable B values may not reflect B 
deficiency in crops that have not been well-researched. The novel idea of using B-specific 
resin to control soil solution so as to conduct further experiments using soil as a media is 
explored in chapter 5. 
  
36 | P a g e  
 
Chapter 3: The calibration of soil nutrient requirement for cassava (Manihot esculenta 
Crantz) grown in dry tropical North-East Queensland, Australia: soil characterization 
and glasshouse bioassays 
 
3.1 Introduction 
 
Growing demand for better crop production to improve food security highlights cassava’s 
potential due to its multiuse for human consumption, animal feed, material production and 
bioenergy sources (FAO, 2013). In Australia, cassava is not a common production crop, 
which may be attributed to its low market value and demand. In recent times, there has been 
renewed interest in cassava as a source of industrial starch for the production of textile 
materials such as cardboard, high-quality paper and various other chemicals (Jansson et al., 
2009; Kristensen et al., 2014). In view of the renewed industrial interest, a Korean company 
Cheil Jedang (CJ) began cassava farming in the Burdekin area, north-east Queensland, 
Australia by converting native grassland into an intensive, irrigated cassava farm. 
The soils of the large commercial farm purchased by CJ are known to be heterogeneous 
(Donnollan, 1991). As past studies have indicated that nutrient calibration for the optimum 
cassava production should be site specific, particularly with respect to climate and soils 
(Fulton et al., 1996; Hicks et al., 1991; Howeler and Cadavid 1983; Pellet and El-Sharkawy 
1993b; Zaag et al., 1979), specific calibration for the CJ farm is required. Earlier work in 
northern Australia indicated suitability for cassava cultivation, and that with appropriate 
inputs, high yields could be obtained (Fulton et al., 1996). There is currently little information 
available in published studies to calibrate the results of soil tests for optimum crop production 
in soils occurring in the dry tropical Burdekin region in Queensland, Australia. The existing 
soil classification and mapping provides only general information about soil fertility for field 
crops such as sugar-cane and rice, and horticultural crops such as capsicums, mangoes, 
eggplants and tomatoes (Donnollan, 1991). Hence detailed calibration of chemical soil 
analysis for cassava production is required to establish a scientifically sound best 
management practice for cassava production in the region. 
Soil chemical tests are commonly used to assess soil fertility and nutrient requirements for 
the targeted crop species because of their relatively low cost and quick proactive approach to 
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nutrient management (Asher et al., 2002). Standardized interpretation of the results from the 
soil tests often results in inaccurate interpretation due to the strong interferences from soil 
type (Peverill et al., 1999). Hence these tests require specific calibration to the soil and crop 
types for the targeted field through correlation analyses with extensive data of extractable 
values and crop yield responses (Moody et al., 1983). These calibrations are usually carried 
out in the field. However, the use of glasshouse bioassays is less expensive, quicker and more 
accurate by excluding effects that originate from abiotic factors (Asher et al., 2002). 
Glasshouse studies provide a ‘refined product’ that can be integrated into field calibration. 
Even though this may seem slightly time consuming at the beginning, it provides a reference 
point for soil nutrient status and assists in avoiding costly errors in the field (Asher et al., 
2002). 
The objectives of this chapter are to describe characteristics of the soils, and the potential 
nutrient limitations in these soils, assessed using glasshouse bioassays. To address the 
objectives, the following studies were undertaken: (1) characterize the various soils found 
occurring at case study site; (2) determine soil nutrient limitations in the soils; and (3) 
determine the magnitude of the soil nutrient limitation compared to the potential maximum 
yield through soil chemical analyses and glasshouse bioassays. 
3.2 Material and Methods  
 
3.2.1 Site description 
 
The CJ farm is located in the Burdekin region, south of Townsville (19º 48′ 39″ S 147º 19′ 
08″ E) with approximately 500 ha of farmed land. Currently only 110-150 ha of the potential 
farming area has been cultivated. The region is well known for intensive sugar cane 
production; the cassava production is small but has been highlighted as an alternative cash 
crops to diversify the cropping system.  
Based on geographic information system (GIS) soil maps (Figure 3.1) and a scoping survey, 
five major soil sub-groups were identified on the farm property. The soil sub-groups found 
were grouped according to their topographic form and characteristics using the Northcote 
factual key (Donnollan, 1991). The Northcote factual keys categorize the soil in the region in 
the following four groups: group 1, cracking clays; group 2, sodic duplex soils; group 3, non-
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sodic duplex soils; and group 4, gradational and uniform non-cracking soils (Northcote, 
1979). Thereafter, sub-groups were formed to further differentiate soil types within the group 
by providing an alphabet code behind the numbered groups. This allowed the soils to be 
managed accordingly to their soil sub-groups. The Queensland Department of Primary 
Industries (QDPI) system classifies soil types by using the subdivision of the primary profile 
form of Northcote factual key, and a landscape unit (1-7) and a letter at the end to separate 
different soil types within same landscape unit (Donnollan, 1991). For the feasibility of 
calibration work, soils were extensively sampled at QDPI soil type level but reported at sub-
group level. In total, 75 samples were taken from future development sites. The values 
attained from these chemical analyses were derived by taking the average values of sampled 
QDPI soil types within the same sub-group (Table 3.1). The resulting varying characteristics 
warrant the individual management of each soil to maximize productivity. 
Table 3.1: A description of the five major soil sub-groups found occurring on the farm property which is 
situated in the Burdekin region 19º 48′ 39″ S 147º 19′ 08″ E (Donnollan, 1991) 
Sub Group Brief Description QDPI soil types 
─────────────── Group 1: Cracking Clays ─────────────── 
1B 
Cracking clays of the alluvial 
plains with medium to heavy clay 
A horizons and self-mulching 
surfaces 
1Uga 1Ugd 2Uga 2Ugf 2Ugg 2Ugh 
2Ugk 3Uga 3Ugc 3Ugd 3Uge 
3Ugg 3Ugk 
1D 
Cracking clays with linear gilgai, 
on the slopes of landscape units 1* 
and 5*** 
1Uge 5Ugc 5Ugd 
─────────────── Group 2: Sodic Duplex Soils ─────────────── 
2A 
Duplex soils with thin A horizons 
(<0.15 m(, with pH greater than 7.9 
and ESP† greater than 15 by 0.3 m 
2Dda 2Ddb 1Dba 1Dbb 1Dbc 
1Dya 1Dyb 1Dyc 3Dya 4Dyh 
5Dyd 5Dyc 6Dbh 6Dyj 
2C 
Duplex soils with thick A horizons 
(>0.3 m), with pH greater than 7.9 
and ESP† greater than 6 below 0.9 
m 
2Dbc 2Dbe 4Dya 4Dyk 5Dyb 
5Dye 6Drc 6Dbb 6Dbd 6Dyb 6Dre 
6Dyf 6Dbe 
─────────────── Group 3: Non Sodic Duplex Soils ─────────────── 
3B Non sodic duplex soils of landscape units 4** and 5 
 
*Landscape unit 1: Local alluvial plains and associated pediments 
**Landscape unit 4: Gently undulating rises on acid intrusive rocks, pediments and prior streams 
***Landscape unit 5: Gently undulating rises on an intrusive rock complex 
† Exchangeable sodium percentage 
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Overall both 2A and 2C soils exhibited a general lack of structure and were prone to hard-
setting. According to the Australian Soil Classification (ASC) system, these soils were 
classified as Sodosols (Isbell, 2002). Chemical analyses of these soils showed high 
exchangeable Na in 2A, however, sodicity was not detected in 2C due to the sodic layer being 
situated deeper in the profile (below 0.9 m). Whilst Soils 1B and 1D had comparatively 
higher exchangeable cation and B contents attributed to their greater clay content, soil 3B had 
the lowest exchangeable cations with its sandier texture. The 1B and 1D soils were classified 
as Vertosols, and 3B was classified as a Chromosol. 
 
Figure 3.1: Soil map showing the distribution of soil types in future cropping area (divided into blocks 
averaging 7 ha) on the study farm located in the Burdekin region 
 
3.2.2 Soil sampling and chemical analyses 
 
Approximately 500 kg of each of the five soils were extracted to a depth of approximately 30 
cm and placed in plastic-lined bags for transportation to the University of Queensland (UQ), 
St Lucia, Brisbane. This was executed by randomly selecting seven soil pits within the 
boundaries of the surveyed soil type using the GIS soil maps. Before collecting soils from the 
pit, the coordinates of the pit were recorded. An area of approximately 0.36 m2 of the pit was 
cleared of ground cover and organic material using a shovel to expose the soil beneath. Large 
40 | P a g e  
 
organic residues and stones were manually removed during extraction. In addition, 
approximately 0.5 kg sub-sample was taken for chemical and physical analyses. The soils 
were transported to the UQ, Brisbane 27º 29′ 42″ S 153º 00′ 32″ E (World Geodetic System 
(WGS) 84). The soil samples were air-dried, jaw-crushed and sieved to pass 1 cm2 mesh, and 
stored in plastic-lined drums. The sub-samples for analysis were also processed through 
similar preparation prior to analyses. However, the sub-samples were sieved to pass 2 mm 
mesh (No.10). Approximately 80 g of each sub-sample was stored in a plastic bottle. The 
bulk soils were used for a three-stage glasshouse bioassay (described later). 
Soil pH and electrical conductivity (EC) were determined using 1:5 triple deionised water 
(TDI) water. Total N was determined using the Kjeldahl digestion method (Kjeldahl, 1883). 
The Olsen P extraction method (Olsen et al., 1954) was chosen as it does not distinguish 
between soil textures and the few reviews that calibrated cassava with soil P were done using 
Olsen P (Zaag et al., 1979; Howeler, 1990; Hue and Fox 2010). In addition, prior P analysis 
conducted at the farm also used Olsen P extraction. Exchangeable cations, K, Ca, Mg and 
sodium (Na) were determined through the pH 7 ammonium acetate extraction method 
(Chapman, 1965). Sulphur was determined using the mono-calcium phosphate (MCP) 
extraction procedure (Fox et al., 1964). The potassium chloride extraction was not chosen as 
critical values for cassava was not as established compared to MCP extraction. Boron was 
determined using a hot 0.01M CalCl2 extraction method (Aitken et al., 1987). The rest of the 
micronutrients were determined using diethylene triamine pentaacetic acid (DTPA) 
extraction method (Haynes and Swift, 1983). Soil analyses were conducted either at in-house 
UQ laboratories or at Australasian Soil and Plant Analysis Council (ASPAC) certified 
external laboratories, namely Phosyn Analytical (Burleigh Heads, Queensland) and the 
Department of Science, Information, Technology and Innovation (DSITI, Dutton Park, 
Brisbane). 
 
3.2.3 Glasshouse bioassays 
 
The glasshouse bioassays consisted of three stages. First, a preliminary trial was conducted to 
ensure ‘best guess’ rates were in the correct range for optimum growth to occur. Second, an 
omission trial was conducted with the adjusted rates to identify the nutrients that were 
limiting to plant growth through applying the ‘law of the minimum’ and quantifying the 
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magnitude of the limiting effect of each nutrient. Third, a rate trial was conducted to optimize 
fertilizer addition of the limiting nutrient.  
The glasshouse environment provided temperatures of 26–33ºC, 70–90% relative humidity 
(Innotech sensors, Magellan Explorer system) and an average 570 MJ/m2/month solar 
radiation (BOM, 2015). The experimental plant used in preliminary, omission and rate trials 
was maize (Zea mays) as it possesses a high establishment rate with quick initial growth, 
relative uniformity under similar growth conditions, comparatively limited nutrient reserves 
in its seed and well documented deficiency/toxicity symptoms. Maize seeds were selected by 
weighing individually with a criterion of within 10% standard deviation from the average 
weight of a batch (approximately 700 seeds) to ensure a minimal nutrient variation in seed 
reserves. Seeds were placed in plastic trays lined with moistened paper towels, with 1 cm 
separation, and imbibed in the dark for 72 h at 27ºC. To avoid unintentional nutrient inputs, 
all water used in these trials was deionized water (>12 MΩ). Gravimetric moisture content of 
air-dried soil was determined by weighing the soil before and after drying it at 105ºC to a 
constant weight. Soil moisture content at field capacity was determined by the column 
method described in Asher et al. (2002) by allowing water to drain for 48 h before 
determining soil moisture content using similar method in the air-dried soil. For all three 
stages of the glasshouse bioassay, 1 kg of air-dried soil was weighed and placed into a 
plastic-lined 140 mm pot. Depending on the stage of the glasshouse bioassay, various rates of 
nutrient were applied via nutrient solution to each treatment accordingly using a pipette. 
Nutrient solutions were created according to the application rates, elemental forms, pot size 
and volume of application (Table 3.2). Stock nutrient solutions were always created at the 1 
times rate with volume of application changing according to the treatment. For example, if 4 
mL accounted for treatment 1 times, this would result in 1, 2, 8 and 16 mL of application 
volume applied to treatments 0.25, 0.5, 2 and 4 times. The treatments for each stage of the 
glasshouse bioassay are as follows: 
The preliminary trial involved adjusting the overall rates for best guess nutrient requirement 
for each soil type. The objective was to standardize optimum nutrient rates required for each 
specific soil. There were six treatments, namely 0, 0.5, 1, 2, 3 and 4X the best guess 
application rates (Table 3.2). 
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Table 3.2: Rate, form and calculations of nutrients used as a ‘best guess’ for nutrient requirement in the 
glasshouse bioassay (Asher et al., 2002) 
Nutrient Application Rate (kg/ha) 
Elemental Form 
(Compound) 
Compound 
Conversion 
Factor 
Surface 
area of 
pot 
(m2) 
Weight of 
Compound 
(mg/pot) 
Volume of 
Application 
(mL) 
Nutrient 
Solution 
(g/L) 
N 100 NH4NO3 2.86 0.012 351.01 4 87.75 
P 40 NaH2PO4.H2O 5.75 0.012 282.28 4 70.57 
K 80 KCl 2.01 0.012 197.35 4 49.34 
Ca 35 CaCl2.2H20 3.67 0.012 157.65 4 39.41 
Mg 30 MgCl2.6H2O 8.35 0.012 307.44 4 76.86 
S 25 Na2SO4 4.42 0.012 135.62 4 33.90 
B 2 H2BO3 5.72 0.012 14.04 4 3.51 
Fe 2 FeCl3 2.90 0.012 7.12 4 1.78 
Mn 2 MnCl2.4H2O 3.27 0.012 8.03 4 2.01 
Zn 4 ZnCl2 2.08 0.012 10.21 4 2.55 
Cu 3 CuCl2.2H2O 2.68 0.012 9.87 4 2.47 
Mo 0.4 (NH4)6Mo7O24.4H2O 12.88 0.012 6.32 4 1.58 
 
In each soil type, there were 14 treatments for the omission trial, namely the individual 
exclusion of each of the 12 nutrients, an ‘ALL’ treatment (included all 12 nutrients, positive 
control), and a ‘Control’ (no nutrient additions, negative control) treatment. For example, for 
treatment N, each of the 11 nutrients other than N was added at the adjusted rate derived from 
the preliminary trial. 
During the rate trial, there were six treatments for each limiting nutrient, namely 0, 0.25, 0.5, 
1, 2 and 4X the adjusted rate. The other non-targeted nutrients were applied at adjusted ‘best 
guess’ rates taken from preliminary trial results. Throughout the three stage glasshouse 
bioassay, treatments were replicated four times and placed in a completely randomized block 
design. The plants were randomized within each block weekly to avoid any positional effects. 
After the addition of nutrients (described below), soil was thoroughly mixed by shaking the 
soil contained in the plastic bag. The bag was then placed back into the pot and soil moisture 
content was adjusted to the field capacity by adding deionised water. Three germinated maize 
seedlings were carefully placed on the top of the moist soil before a further 200 g of air-dried 
soil was used to cover them. This ensured the seedlings had adequate moisture to establish 
without any overhead irrigation before emergence so as to avoid creating hard-setting surface 
conditions. 
Five days after planting, the number of plants per pot was thinned to two, by removing the 
smallest seedlings. Plants were watered to gravimetric field capacity every alternate day for 
the first two weeks then daily until the end of the trial. Pot weights were adjusted with 
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increasing weight of plant biomass (Figure 3.2). Variability between plant height and fresh 
biomass increased due to inconsistencies in determining plant moisture content as the plants 
grew larger. 
 
Figure 3.2: Correlation between plant height to the tip of the tallest leaf and plant fresh weight in maize 
(Fujinuma et al., 2012 unpublished) 
 
Plant heights (tallest leaf height) were measured weekly for the all glasshouse trials. Plants 
were harvested between 31 and 33 DAP; however, the results of the omission and the rate 
trials for soil 1D were taken at 26 DAP. The aboveground fresh biomass was weighed 
immediately after harvesting. The harvested plant biomass was placed in labelled paper bags 
and dried at 60ºC to a constant weight, with the weights recorded. Preliminary and omission 
trial results were statistically analysed using ANOVA with treatment differences identified 
through a Student’s t test, Fishers LSD at p=0.05 using Systat Software in SigmaPlot 12.5 
(Systat Software Inc, San Jose, California).. Estimated agronomic optimum from rate trial 
was derived from quadratic linear regression using Minitab 17 (Minitab Inc, State College, 
Pennsylvania). 
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3.3 Results and Discussion 
 
3.3.1 Soil texture and chemical analyses 
 
Soil 1D possessed a light clay texture that was characterized by its self-mulching properties, a 
pH of 7.8 and an EC of 0.06 dS/m (Table 3.3). This pH was observed to be the highest in all 
five soil types. Soil 2A possessed a sandy clay loam texture and a pH of 7.3. It also possessed 
a shallow (0.3 m depth) sodic layer lower in the profile, and the highest mean exchangeable 
Na at 2.9 cmolc/kg and 0.18 dS/m EC among the five soils. Soil 3B possessed a sandy clay 
loam texture with a pH of 6.1. As it had the sandiest texture and the lowest mean EC of the 
five soils, it was the most susceptible to nutrient leaching. Soil 1B possessed a medium clay 
texture, a pH of 7.3 and an EC of 0.05 dS/m. Due to its high clay content (similar to soil 1D), 
harvesting of cassava roots was anticipated to indirectly lead to higher nutrient losses 
according to a study conducted by Sumithra et al. 2013, which reported nutrient losses due to 
adhering soil with cassava tubers during harvest. In the study, increased nutrient loss was 
observed to possess a linear positive relationship to soil moisture. In practice, the soil is ‘wet 
up’ a few days before harvest to assist in removing tubers from the ground with minimal 
breakage (yield loss). Soil 2C possessed a sandy clay loam texture with a pH of 6.5 and an 
EC of 0.03 dS/m. As soil was only sampled to a depth of 0.3 m, chemical analysis was not 
able to detect 2C’s sodic layer, which was situated deeper within the profile (>0.9 m). 
Nitrogen was observed to be strongly limiting to plant growth at a critical range of 0.12–
0.15% (Lege, 2012; Salami and Sangoyomi, 2013) in all five soils types. The critical value 
was however not specific to cassava and was adapted from maize and the critical 
concentration only provided a rough guide to soil N status in relation to cassava production. 
The exchangeable cations K, Ca and Mg were also above the critical values and/or range, 
which were between 0.08–0.18 K, and 0.25 Ca and 0.20 Mg cmolc/kg, based on data from 
Howeler (1996). All five soils were at severely deficient S levels, less than 50% of the critical 
value of 20 mg S/kg. Beside S, Zn was the only nutrient identified as deficient in soils 1B, 
1D, 2A and 2C, using a critical value of 0.5 mg/kg. The rest of the nutrients analysed were 
deemed to be sufficient for cassava growth at critical values of 0.2 B, 0.1 copper (Cu), 1 Fe 
and 5 Mn mg/kg (Howeler, 1996). 
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Hue and Fox (2010) reported a consolidated review for a critical concentration of 0.005 mg/L 
soil solution P in cassava and established a highly significant relationship (r2 = 0.91) between 
Olsen P (critical range between 6–8 mg P/kg) and soil solution P. However, earlier studies 
provided a critical value of 3 mg P/kg using Olsen P (Zaag et al., 1979) and 8 mg P/kg (Bray 
2 P) (Howeler, 1990). In addition to these critical values, Zaag et al. (1979) reported a yield 
response to P input at an Olsen P value of 22 mg P/kg. According to these previous studies 
and P chemical analysis from the current study (Table 6), all five soil types in this current 
study were not likely to be P-deficient for cassava production, with exception of soil 1D. 
 
Table 3.3: Physical and chemical analyses of five composited soils found at the study farm site located in 
the Burdekin region (0 – 0.3 m) with some critical values for cassava 
Soil Group 1B 2A 2C 3B 1D Critical Values Cassava 
Soil Order Vertosol Sodosol Sodosol Chromosol Vertosol - 
Fine Earth (%) + 
Sand 22 57 62 75 39 - 
Silt 17 14 18 5 13 - 
Clay 60 30 22 21 49 - 
Soil Texture Medium Clay 
Sandy 
Clay Loam 
Sandy 
Clay Loam 
Sandy Clay 
Loam Light Clay - 
pH † 7.3 7.3 6.5 6.1 7.8 4.5a 
Electrical 
Conductivity 
(dS / m) † 
0.05 0.18 0.03 0.02 0.06 - 
Total N (%) Θ 0.08 0.08 0.09 0.05 0.05 0.12-0.15b c 
Phosphorus (µg / g)  
Olsen P 14 9 11 9 3 3-8a d e 
Total P 220 170 300 170 190 - 
Exchangeable Cations (cmolc/kg) ‡  
K 0.5 0.2 0.3 0.2 0.3 0.08-0.18a 
Ca 19.8 4.6 6.0 4.2 12.6 0.25a 
Mg 17.1 5.3 3.8 2.1 8.6 0.20a 
Na 1.0 2.9 0.3 0.1 0.7 - 
Other Nutrients (µg / g)  
S # 6 6 4 5 4 20a 
B ¶ 0.6 0.5 0.3 0.4 0.7 0.2a 
Zn § 0.3 0.4 0.4 0.6 0.3 0.5a 
Cu § 0.8 1.0 0.5 0.4 1.2 0.1a 
Fe § 77 77 66 51 25 1a 
Mn § 57 49 35 34 20 5a 
† 1:5 TDI water       ‡ Ammonium Acetate extraction        # MCP extraction        ¶ 0.01M CaCl2 extraction          
§ DTPA extraction          + Particle size analysis at 30 cm       Θ Kjeldahl 
a Howeler (1996) b Lege (2012) c Salami and Sangoyomi (2013) d Hue and Fox (2010) e Zaag et al. (1979) 
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3.3.2 Preliminary trial 
 
The preliminary trial optimized ‘best guess’ fertilizer application rates shown in Table 3.2 for 
the five soil types. Optimized rates were determined by statistically differentiating the 
treatments at p=0.05 from the highest yielding treatment. The results were only justified if the 
highest yielding treatment was free of any visible symptoms of nutrient deficiency or toxicity, 
or other signs of limitation that originated from moisture, sunlight or pest and diseases. The 
preliminary trials conducted for all five soils did not result in any visible limitations for the 
highest yielding treatment. The resulting biomass from the treatments was statistically 
analysed relative to the highest yielding treatment. The preliminary trial resulted in soils 1B 
and 3B achieving highest yield at treatment 1X, soils 2A and 1D at 2X and soil 2C at 0.5X 
(Figure 3.3). 
 
Figure 3.3: Relative dry matter response of maize to six rates of ‘best guess’ nutrient additions in five 
soils 
 
 
 
 
47 | P a g e  
 
3.3.3 Omission trial 
 
The omission trial indicated N, P and S to be strongly limiting (p<0.001) achieving 21.8%, 
24.6% and 31.0% of the ‘ALL’ yield (4.0 g yield in the ALL treatment) in soil 1D (Figure 
3.4). In addition, yield responses of 85.1% and 62.2% of relative yield for -K and -Zn 
treatments, indicate slight but significant limitation (p<0.05). In this case, no response to K 
and Zn fertilization would be expected until the more severe deficiencies N, P and S have 
been corrected. In contrast, soil chemical analysis indicated N, S and Zn were strongly 
limiting, with possible P limitation.  
 
 
Figure 3.4: The effect of nutrient omission on aboveground biomass production of maize for soil type 1D 
(Vertosol) after 26 days of growth in a glasshouse. ‘All’ treatment had all essential nutrients at rates 
based on preliminary trial. Each error bar indicates a standard error of mean. Asterisks indicate the 
significant difference from ‘All’ treatment in the following criteria; *p<0.05, **p<0.01, ***p<0.001 
Strong N and P limitations were displayed in soil 2A during the omission trial (Figure 3.5) 
(p<0.001). Treatments without added N and P achieved 36.9% and 16.3% of treatment ‘ALL’ 
yield. Treatments without S, Zn and molybdenum (Mo) displayed significant limitations 
(p<0.05), achieving 55.6%, 66.2% and 51.8% of yield from the ‘ALL’ treatment. ‘ALL’ 
treatment achieved a dry biomass of 5.6 g for soil 2A. In this case, no response to S, Zn and 
Mo fertilization would be expected until the more severe deficiencies N and P have been 
corrected. Soil chemical analysis indicated severe N and S but only slight Zn limitations, with 
no P limitations. 
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Figure 3.5: The effect of nutrient omission on aboveground biomass production of maize for soil type 2A 
(Sodosol) after 31 days of growth in a glasshouse. ‘All’ treatment had maximum rate of all essential 
nutrients based on preliminary trial. Each error bar indicates a standard error of mean. Asterisks 
indicate the significant difference from ‘All’ treatment in the following criteria; *p<0.05, **p<0.01, 
***p<0.001 
Strong N, P and S limitations (p<0.001) were displayed in the omission trial (Figure 3.6) 
achieving yields 28.1%, 23.0% and 25.2% of the ‘ALL’ treatment. ‘ALL’ treatment achieved 
a dry biomass of 6.0 g for soil 3B. Soil chemical analysis indicated severe N and S limitation, 
with possible K limitation but did not include P to be limiting. 
 
Figure 3.6: The effect of nutrient omission on aboveground biomass production of maize for soil type 3B 
(Chromosol) after 31 days of growth in a glasshouse. ‘All’ treatment had maximum rate of all essential 
nutrients based on preliminary trial. Each error bar indicates a standard error of mean. Asterisks 
indicate the significant difference from ‘All’ treatment in the following criteria; *p<0.05, **p<0.01, 
***p<0.001 
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There were strong responses to withdrawal of N, P and S (p<0.001) in soil 1B (Figure 3.7), 
with the –N, –P and –S treatments achieving 26.4%, 17.7% and 60.9% of yield from the 
‘ALL’ treatment. The increased variability in non-limiting elements may be attributed to the 
interactions of specific added elements, which resulted in higher concentrations potentially 
inducing deficiency in another element. For example, it was observed from the soil chemical 
analysis that soil 1B had exceptionally high Mg and Ca, which may have led to the observed 
reduction of K and Zn uptake. ‘ALL’ treatment achieved a dry biomass of 5.2 g for soil 1B. 
In this case, no response to S fertilization would be expected until the more severe 
deficiencies N and P have been corrected. Soil chemical analysis indicated severe N and S 
limitations, possible K limitations, and Zn to be slightly limiting 
 
Figure 3.7: The effect of nutrient omission on aboveground biomass production of maize for soil type 1B 
(Vertosol) after 31 days of growth in a glasshouse. ‘All’ treatment had maximum rate of all essential 
nutrients based on preliminary trial. Each error bar indicates a standard error of mean. Asterisks 
indicate the significant difference from ‘All’ treatment in the following criteria; *p<0.05, **p<0.01, 
***p<0.001 
In the omission trial, soil type 2C displayed strong limiting responses (p<0.001) in -N, -P and 
-S treatments, which achieved 43.5%, 29.0% and 51.5% of yield from the ‘ALL’ treatment 
(Figure 3.8). There was a lesser but significant limiting response (p<0.05) in -K and -Mo 
treatments, which achieved 85.8% and 67.8% of yield from the ‘ALL’ treatment. ‘ALL’ 
treatment achieved a dry biomass of 3.6 g for soil 2C. In this case, no response to K and Mo 
fertilization would be expected until the more severe deficiencies N, P and S have been 
corrected. Soil chemical analysis indicated severe N and S limitations, and moderately severe 
Zn limitation. 
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Figure 3.8: The effect of nutrient omission on aboveground biomass production of maize for soil type 2C 
(Sodosol) after 31 days of growth in a glasshouse. ‘All’ treatment had maximum rate of all essential 
nutrients based on preliminary trial. Each error bar indicates a standard error of mean. Asterisks 
indicate the significant difference from ‘All’ treatment in the following criteria; *p<0.05, **p<0.01, 
***p<0.001 
In some instances during the omission trial, the omission of an element resulted in an increase 
in yield above that in the ‘ALL’ treatment. This may be attributed to the high level of that 
particular element from the optimized ‘best guess’ rate, which was included in the ‘ALL’ 
treatment, to a point of toxicity (Asher et al., 2002). However, as none of the yields from 
these ‘toxic’ elements were significantly different from the ‘ALL’ treatment, the results were 
representative of the nutrient status of the soil. These slight increases, which were observed to 
occur with multiple elements in all five soils, indicated that these particular elements may 
have been slightly above adequate concentration in the soil. 
In summary, the omission trial found N, P and S to be significantly limiting in all five soils at 
p<0.001, with the exception of S in soil 2A (p<0.01). Other nutrients found to be limiting 
were K in soils 1D and 2C (p<0.05), Zn in soils 1D and 2A (p<0.05), and Mo in soils 2A and 
2C (p<0.05). Without taking into account other limiting factors such as soil physical 
properties and SOM content, the potential of each soil to produce the highest yield in the 
‘ALL’ treatment was ranked 3B (100%) > 2A (93%) > 1B (87%) > 1D (67%) > 2C (60%). 
Plant growth in soil 1D was terminated 5 days earlier than soil 2C, but 1D was still able to 
produce a higher maximum yield than 2C. A decrease in maximum yield of 40% between 3B 
and 2C may be attributed to soil 2C’s poor structure and aggregation. The observed poor 
structure may be credited to a combination of low SOM and high silt content. During the 
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glasshouse bioassay, it was observed to be ‘powder-like’, devoid of aggregating capabilities 
and to have poor water infiltration. This presumed physical limitation to plant growth was 
also similarly observed in the rate trial.  
The nutrient deficiencies revealed in the omission trial were used to represent soil nutrient 
status in the soils. As mentioned earlier (Section 3.2.3), maize was chosen as a test plant, over 
the slow-growing woody cassava, to quicken the process of identifying nutrient limitations. 
However, this might have led to some contradiction in results between soil chemical analysis 
and glasshouse bioassays.  Using P, K and Zn as a case study, optimum range for maize was 
8-11 mg P/kg, 81-120 mg K/kg (Tisdale et al., 1999) and 0.3-2 mg Zn/kg (Cox, 1987). On the 
other hand, cassava had optimum ranges of 4-15 mg P/kg, 59-98 mg K/kg and 1-5 mg Zn/kg 
(Howeler, 1996). In view of this, the contrast between soil chemical analyses and glasshouse 
bioassay results may be likely due to quantitative differences in response between species 
that differ markedly in their physiology and growth rate. Soil chemical analyses were 
accurate in predicting N and S limitations in plant response. With K, soil analyses and 
glasshouse bioassays yielded different results in four of the five soils. From soil analyses, 
possible K limitation was identified in soils 2A and 3B but significant plant response to K 
limitation was only exhibited in soils 1D and 2C. This may be attributed to the relatively high 
K critical value for maize at 0.4 cmolc/kg (White, 2003), which is approximately twice that of 
cassava. Soil chemical analyses also indicated potential Zn limitations in all soils except 3B. 
The results from omission experiments indicating Zn limitation agreed with those of chemical 
analyses in three soils types, namely 1D, 2A and 3B. However, soil analysis indicated Zn 
deficiency was not apparent in soils 1B and 2C. As Mo was not available in soil chemical 
analysis, only omission trial results indicated both Sodosols 2A and 2C to be Mo-limiting. 
This suggests that the bioassay may be more sensitive relative to soil chemical analysis. 
However, without a rate trial; the magnitude of deficiency would remain undefined. 
Phosphorus was the only element that had different results from soil chemical analyses and 
omission trials for all five soils. In addition to the likely variation of P requirement between 
species, the setting of the critical values for the cassava could also have caused the observed 
disparity. For instance, the critical values from previous studies had a range of 3-8 mg/kg 
Olsen P (Howeler, 1990; Hue and Fox, 2010; Zaag et al., 1979). An exception was reported 
in Zaag et al. (1979) in which a single cassava cultivar was observed to produce a positive 
yield response at an Olsen P value of 22 mg/kg. Based on this critical range (without 
considering the exception), only soil 1D was considered P limiting. As mentioned in soil 
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chemical analysis section, low available P in soil 1D may be attributed to its high pH. Mean 
Olsen P content of the five soils was between 3 and 14 mg/kg P. These inconsistencies in the 
P result between the omission trial and soil analysis highlighted the need for a more defined 
critical range in the next stage of study.  
 
3.3.4 Rate trial 
 
The omission trial was followed by a rate trial that provided a response curve to various rates 
of nutrient addition for each limiting element. In addition to this, nutrient rate trials provided 
a quick and inexpensive means of eliminating error that arose from the addition of high 
amounts of a particular element during the omission trial. The possible error involved 
creating an ‘artificial’ deficiency of an element when non-limiting elements are added, e.g. a 
‘false positive’ (Asher et al., 2002). For example, the heavy addition of K fertilizers may lead 
to Mg deficiency. Agronomic optimum rates were estimated using both mitscherlich and 
quadratic linear regression analysis at 95% maximum yield, depending on plant response. R-
square values denote goodness of fit of the mitscherlich model for minimum to maximum 
yield. 
 
3.3.4.1  Nitrogen 
 
All five soils responded strongly to N addition, with 3B, 2A, 1B, 2C and 1D exhibiting a 
52%, 56%, 68%, 45% and 81% increase in yield compared to the control with no added N 
(Figure 3.9). Vertosols 1B and 1D, which possessed higher clay content than the other soils, 
required approximately 50% more N to achieve 95% of maximum dry biomass compared to 
soils 3B, 2A and 2C. On the basis of this rate trial the agronomic optimum N addition for soil 
3B was 98-269 kg N/ha (r2=0.89), 2A was 93-528 kg N/ha (r2=0.82), 1B was 117-350 kg 
N/ha (r2=0.94), 2C was 37-164 kg N/ha (r2=0.80) and 1D was 159-494 kg N/ha (r2=0.95). 
The N requirement to achieve 95% relative yield according to soil type was 1D > 2A > 1B > 
3B > 2C. Due to soil 2C’s relatively low observable limit of approximate 120 kg N/ha before 
onset of yield reduction, it is important to manage blocks containing soil 2C carefully by 
keeping the range of N application within the soil’s agronomic optimum range.  
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The contrast between 2C and the three soils (2A, 1B and 1D) that possess agronomic N 
requirements above 2C’s yield reduction range may affect yield in blocks containing 
combinations of soils 2C and either 1B, 2A or 1D. A prime example can be seen in block 19 
(Figure 3.1) where all four mentioned soils occur. The percentage of area that each soil 
covers in the block and the maximum potential yield of each soil type must also be taken into 
consideration. As 1B and 2C covers the majority of the block, an application rate that is at the 
agronomic optimum for 2A and 1D would result in overall reduced yield in the block. In this 
case, a recommended N rate between 120-160 kg/ha, that pushes 2C’s toxicity limit, would 
be recommended as maximum potential yield from soil 2C was observed to be approximately 
40-50% lower than maximum yield from 2A,1D and 2C. John and Suja (2012) reported 
potential optimum additions of between 200 and 400 kg/ha in two acidic Ultisols (high in 
clay content) where soil type is similar to the tested soils. These additions were slightly 
higher than those in the current study, because eliminating leaching loss and dense roots in 
pot system could provide more efficient N uptake than field condition. As the pH for the five 
soils (Table 3.3) in the current study were not at either end of the pH spectrum, the higher 
retention of minerals meant lower requirement for N fertilizer additions. 
 
Figure 3.9: Nitrogen rate trial conducted on five soil types at six rates of nutrient addition, 0, 0.25, 0.5, 1, 
2 and 4 times of preliminary trial’s optimized ‘best rate’ rate with mean values shown 
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3.3.4.2  Potassium 
 
There was a slight response to K addition in both soils 2C and 1D, achieving an increase of 
25% and 23% to maximum yield, relative to the control (Figure 3.10). This result was 
consistent with the magnitude of the yield reduction in the omission trial. According to the 
rate trial, soil 2C required a rate of 70 kg K/ha (r2=0.38) and 1D a rate of 51 kg K/ha 
(r2=0.48) to achieve 95% of maximum yield. 
 
Figure 3.10: Potassium rate trial conducted on two soil types at six rates of nutrient addition, 0, 0.25, 0.5, 
1, 2 and 4 times of preliminary trial’s optimized ‘best rate’ rate with mean values shown 
 
3.3.4.3  Zinc 
 
Soil 1D responded strongly to Zn additions achieving a biomass yield increase of 50%, while 
2A responded only slightly with an increase of 11% to maximum yield (Figure 3.11). The 
magnitude of response in soil 2A differed between the omission and rate trial, indicating that 
the deficiency observed in the omission trial was most likely a ‘false positive’. An addition of 
2 kg Zn/ha (r2=0.89) would be recommended for soil 1D, while there was no significant 
response to Zn application in soil 2A (r2=0.07). Recommended Zn additions for both soils in 
the current study were slightly different to the potential 8 kg/ha Zn addition recommended by 
Fulton et al. (1996). The referenced study was conducted with cassava on a lacteric red earth.  
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Figure 3.11: Zinc rate trial conducted on two soil types at six rates of nutrient addition, 0, 0.25, 0.5, 1, 2 
and 4 times of preliminary trial’s optimized ‘best rate’ rate with mean values shown 
 
3.3.4.4  Molybdenum 
 
There was a slight response to Mo addition in soil 2A with maximum biomass yield being 9% 
higher than the control, whilst no response to Mo addition was observed in soil 2C (Figure 
3.12). Plant response to Mo additions in soils 2A and 2C did not provide a meaningful fit 
with mitscherlich model. Similarly to Zn, inconsistency between omission and rate trial plant 
response in soil 2C to Mo may be attributed to increase additions of non-limiting elements 
and their interactions other elements. 
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Figure 3.12: Molybdenum rate trial conducted on two soil types at six rates of nutrient addition, 0, 0.25, 
0.5, 1, 2 and 4 times of preliminary trial’s optimized ‘best rate’ rate with mean values shown 
 
3.3.4.5  Sulphur 
 
There was a strong response to S additions in all five soils, which depicted similar extensive 
deficiency as N. Soils 3B, 2A, 1B, 2C and 1D achieved 30%, 29%, 24%, 20% and 72% 
relative increase to maximum yield (Figure 3.13). According to the rate trial agronomic 
optimum, 95% of maximum yield would be achieved with additions of 0, 1, 3, 6 and 11 kg 
S/ha to soils 3B (r2=0.50), 2A (r2=0.57), 1B (r2=0.51), 2C (r2=0.48) and 1D (r2=0.87). It was 
also observed there was a small decrease in each biomass response, following a steep initial 
increase in plant biomass. This phenomenon is consistent with a study conducted with winter 
oilseed rape (Brassica napus), where the initial 10 kg/ha S application contributed to main 
yield increase with further yield increases unlikely above 40 kg/ha (McGrath and Zhao, 
1996). 
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Figure 3.13: Sulphur rate trial conducted on five soil types at six rates of nutrient addition, 0, 0.25, 0.5, 1, 
2 and 4 times of preliminary trial’s optimized ‘best rate’ rate with mean values shown 
 
3.3.4.6  Phosphorus 
 
Similarly to plant responses from N and S rate and omission trials, P additions indicated 
severe P limitation in all five soils (Figure 3.14). With P additions, were able to increase by 
61% (3B), 80% (2A), 80% (1B), 68% (2C) and 82% (1D) relative to maximum yield. To 
achieve 95% of maximum yield potential, soils 3B (r2=0.92) and 1B (r2=0.94) required a rate 
of 37 and 47 kg P/ha, while 2A (r2=0.90) and 1D (r2=0.93) required a rate of 88-270 and 141 
kg P/ha respectively. On the lower end of the recommendation, soil 2C (r2=0.94) only 
required 18 kg P/ha to achieve agronomic optimum.  
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Figure 3.14: Phosphorus rate trial conducted on five soil types at six rates of nutrient addition, 0, 0.25, 
0.5, 1, 2 and 4 times of preliminary trial’s optimized ‘best rate’ rate with mean values shown 
 
Of all the elements tested, P had the widest range of agronomic optimum rates between the 
soils, from 18 to 141 kg P/ha corresponding to an 8-fold difference between the lowest 
optimal rate and the highest optimal rate. Hicks et al. (1991) also reported a wide variation 
between P requirement between 10 to 120 kg P/ha. Their study attributed the variation to P 
retention according to soil texture and native soil P in both the organic and plant available 
form. For example, a rate of 10 kg P/ha was recommended to reach agronomic optimum 
yields in the Podsol, which had a 90% sand content and Colwell P of 3.0 mg/kg. The inability 
of the Podsol’s sandy texture to retain P was the primary reason for the low additions. Under 
this context, the Alluvial, which had a much lower sand content of 48% and a Colwell P of 49 
mg/kg only required a recommended rate of 20 kg P/ha to achieve agronomic optimum. This 
was certainly attributed to the Alluvial’s high native P content in the soil. In contrast to the 
first two mentioned soils, the Yellow Podsolic, which had a sand content of 31% and a 
Colwell P of 4.1 mg/kg, required a rate of 120 kg P/ha to achieve agronomic optimum yields. 
Even though, both the Yellow Podsolic and Podsol had relatively similarly plant available P, 
the adsorptive interaction of applied P and the soil’s texture resulted in the contrast between P 
requirements which was similar to that seen in the current study. In this current study, soil 
2C’s low P requirement may stem from a combination of its initial moderate available and 
total P content, and other primary limiting factors affecting overall plant growth. 
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3.4 Conclusion 
 
Soil N and S contents were highly positively correlated with responses to those elements in 
both the omission and rate trials. However, soil chemical analyses did not consistently reflect 
element availability under pot study conditions. Soil chemical analysis did not match 
biological responses in P, K and Zn under controlled glasshouse pot studies. This was quite a 
contrast to results reported in a similar nutrient assessment study, in regards to rubber 
production, using soil chemical analyses and omission pot studies. Timkhum et al. (2013) 
used both rubber and maize as test plants and concluded that nutrient assessment through 
chemical analyses and glasshouse bioassays of both test plants showed good agreement to 
each other. In the mentioned study, results using maize as a test plant were attained after 30 
days, while results using rubber required 9 months. 
A probable reason for these discrepancies in the current study may be attributed to the 
misrepresentation of plant available nutrients by soil chemical extraction. The fraction of the 
element chemically extracted from the soil should be representative of how the plant’s roots 
respond to nutrient availability and uptake; however, they are often empirical approximations 
of plant root activity (Perverill et al., 1999). This correlation between extractable value and 
plant response is further strained when root activity is poorly represented through physical 
limitations such as soil structure or physical barriers. In addition to this, different nutrient 
requirements for the three elements (P, K and Zn) between maize and cassava may have 
increased inconsistency between chemical extractable values and plant response. Maize was 
chosen over cassava as a glasshouse bioassay test crop was in regards to quick establishment, 
uniformity of experiment and nutrient resource in planting material. As Marshner (1995) 
stated, the variability between different crop species in nutrient requirement and their 
associated root activities involve in nutrient uptake increases the difficulty in providing 
meaningful correlations between soil test values and actual plant uptake. To avoid the 
possibility of this error occurring, a test crop that not only possesses similar root growth 
characteristics to cassava but the rapid and uniform (under no-limitation) growth of maize 
could have been used. 
Another plausible explanation may be attributed to the role of VAM, where fractions 
extracted through soil chemical analysis and correlated to cassava yield response most 
probably accounted the role of VAM in nutrient acquisition. However, in a pot environment, 
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the limited volume of soil for the roots and fungi to explore in their acquisition of nutrients is 
incomparable to that of a field environment. It also appeared that most discrepancies were 
observed in nutrients typically associated with VAM, such as P and Zn, and to a lesser extent 
K. Kothari et al. (1991) and Lambert et al. (1979) demonstrated VAM’s ability to acquire 
primarily P and Zn in maize and soybeans. A definitive study conducted by Zaag et al. (1979) 
observed that the absence of VAM lead to decreases in P, K, and Zn concentrations of 60, 30 
and 10% respectively. It may be possible that plants having a robust association with VAM 
possess a wider critical range due to variability in fungi association. Therefore, under 
conditions whereby the effect of VAM is reduced, such as in pot studies, plant response 
differs from that expected. This was also observed in cassava grown in nutrient solution 
culture where P requirement was typically higher than witnessed in the field. 
Under these circumstances, pot studies may provide a poor representation of plant responses 
in a field environment to additions of these elements. In this case, it was suggested that soil 
chemical analysis may provide a more accurate representation of immobile elements in the 
soil, under the context that the study crop was highly associated with VAM. The enormous 
gap in P requirement between the five soils and the disparity in P status between soil 
chemical analyses and the omission trial warrants further calibration to be conducted on 
cassava response to P additions under field conditions. 
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Chapter 4: Phosphorus requirement for cassava (Manihot esculenta Crantz) grown in 
dry tropical North-East Queensland, Australia 
 
4.1 Introduction 
 
Phosphorus is an essential yet deficient nutrient in most soils around the world (Syers, 1974). 
It is well known that Australian soils are generally low in both total P and plant available P 
(Moody and Bolland, 1999; Anon, 2001). Pronounced P deficiency in Australia originated 
from geological and pedological history, where many Australian soils are heavily leached and 
highly weathered. In addition, the lack of P rich parent materials resulted in the low P status 
across Australian soils (Holford, 1997). In the plant, P is used in the syntheses of nucleic acid 
molecules, phospholipids, and is a vital component of the bio-energy molecule ATP (Tate, 
1984). In the soil, P is the most chemically reactive plant nutrient and spontaneously reacts 
with sesquioxides and exchangeable cations which are adsorbed on the surfaces of clay 
particles, causing it to be largely unavailable and immobile in the soil (Sposito, 1989). This 
leads to generally low available P concentrations in the soil solution. The extent of these 
reactions can be quantified through P sorption or buffering index (Burkitt et al., 2002). 
Cassava is well known to be well adapted to soils that have low naturally occurring P content 
(FAO, 2013). Various studies have reported an Olsen P critical range of 3-8 mg P/kg for 
cassava (Howeler, 1990; Hue and Fox, 2010; Zaag et al., 1979). Under such low extractable P 
concentrations, crops such as maize (critical range of 7-8 mg/kg) and rubber (8-14 mg/kg) 
would not be able to produce agronomic optimum yields (Timkhum et al., 2013). Cassava’s 
ability to grow under low P conditions in the soil is attributed to root traits such as rooting 
capacity (Morante, 1990) and root length density (Pellet and El-Sharkawy, 1993a). In 
addition, VAM is an important group of microorganisms that increase root phosphorus 
absorption, which is especially associated with cassava root system (Mosse, 1973; Tinker, 
1975). VAM colonizes the root system by attaching and penetrating fine absorbing plant 
roots, from which extension of hyphae into the soil beyond the P depleted zones that surround 
the surfaces of the roots (Sanders and Tinker, 1973), allow the fungi to absorb available P and 
translocate it to the plant roots in return for essential sugars and nutrients. Similarly to plant 
roots, VAM is able to not only acquire P from inorganic sources but also in organic form 
through the production of phosphatase enzymes (Koide and Kabir, 2000). Generally, the 
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effectiveness of this fungal association is related to density and composition of fungal species 
in the soil (Sieverding and Howeler, 1985; Straker et al., 2009). In addition, it is well known 
that the association with VAM occurs less commonly in fertile soils, with high levels of P 
diminishing the effect of VAM on P acquisition (Smith and Read, 1997). 
Fertilization of cassava with P has often yielded varying results between studies (Hicks et al., 
1991; Pellet and El-Sharkawy, 1993a). The large variabilities could have originated from 
different P requirement for cassava cultivars which were attributed to cultivar’s root traits, 
soil type, moisture availability, and level of mycorrhizal effect (composition/density) (Pellet 
and El-Sharkawy, 1993a; Zaag et al., 1979). Furthermore, soil sampling procedure and 
analytical methods to assess available P could generate inconsistent results in the P-fertility 
assessment. For example, Olsen P extraction may not have been able to account for P 
availability at the latter stage of crop development. In this case, the use of the Colwell P 
method, with a longer extraction time, which includes other non-labile P ‘available’ sources, 
may represent P availability and uptake in a cassava cropping system more accurately. 
Previous calibration studies that used Colwell P extraction to determine soil P status used 
critical values associated with pasture systems (Fulton et al., 1996; Hicks et al., 1991). The 
reason for the use of Olsen P over Colwell P in his study was explained in 3.2.2. 
The use of glasshouse bioassays to assist with assessing P nutrient status in this study raised 
several questions (Chapter 3). Plant growth was strongly limited by P availability in all five 
soils, although soil tests results reported unlikely P limitation for cassava growth. It was 
further suggested that differing P requirement between maize and cassava and the reduced 
role of VAM in pot studiescreated inconsistency between soil chemical analysis and 
glasshouse bioassay results. 
In view of these contrasting results and indeterminate reviews on cassava’s response to P 
fertilization under such varying conditions, it was crucial to conduct a field trial to calibrate 
response to P additions of several cassava cultivars at the site of interest. Hence the objective 
of this field trial is to identify the rates of P, applied as fertilizers, required to achieve 
agronomic maximum yields of cassava grown in soils found on the target farm. 
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4.2 Material and Methods 
 
The field trial was conducted in the Burdekin region, North-East Queensland located at 19º 
48′ 39″ S, 147º 19′ 08″ E (WGS 84). Average total precipitation at the site was approximately 
1000 mm per annum with an average temperature range of 23–32ºC in the warmer months 
and 12–25ºC in the cooler months (Figure 4.1). Temperature and precipitation coincide to 
form wet, warm climate during the months of October-May and cool, dry climate during the 
months of June-September. The area has an annual average solar radiance of 20 MJ/m2/day 
(BOM, 2015). 
 
Figure 4.1: Long term mean rainfall (mm, Left) and maximum/minimum temperature (°C, Right) for the 
Burdekin region (BOM, 2015) 
 
The trial was conducted on block 11 (Figure 4.2) which was entirely soil 3B. The plot had 
recently been used to produce a cycle of cassava crop after land preparation in 2013. This one 
cycle of cassava production could have generated legacy effects originating from the fertilizer 
residues (particularly with immobile elements) (Liu et al., 2015; Sharpley et al., 2013). In 
view of this, soil testing was carried out prior to establishing the field trial to ensure these 
effects were taken into consideration. 
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Figure 4.2: Soil map showing the distribution of soil types in current cropping area (divided into blocks 
averaging 7.5 ha) on the study farm situated in the Burdekin region. 
Soil samples were collected to 30 cm depth on the 5th of May 2014, prior to the establishment 
of the field trial on the 6th of June 2014. For the sampling location, the trial area was divided 
into quarters and soil was sampled randomly from six selected locations along a transect in 
each quarter. Soil samples within each quarter were mixed thoroughly and then taken as a 
composite sample for chemical analyses. It was important to note that due to previous 
banding of P fertilization, the method used in collecting soil samples may not have accurately 
represented P nutrient status prior to field trial establishment. Soil samples were air dried then 
passed through a 2 mm mesh sieve prior to the chemical analyses. The methods used in this 
study were similar to that described in Chapter 3; soil pH and EC were analysed in 1:5 (w/v) 
TDI water. Organic matter was determined through loss on ignition method. Olsen P was 
determined through sodium bi-carbonate extraction followed by colorimetric analysis. 
Exchangeable cations K, Ca, Mg and Na were extracted by 0.01M ammonium chloride at pH 
7. Sulphur was determined through a 0.01M mono-calcium phosphate extraction. Boron was 
determined through a hot 0.01M calcium chloride extraction. Micronutrients Zn, Fe, Mn and 
Cu were determined by 0.005M DTPA extraction. The various extracted elements, other than 
P, were quantified using inductively coupled plasma optical emission spectroscopy (ICP-
OES).  
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Soil chemical analysis conducted prior to the first cycle had indicated N, S and possible Zn 
and P limitations (Table 4.1 ‘Before’). The majority of critical levels used in interpreting the 
soil test results were taken from Howeler (1996) at 95% relative yield and can be found in 
Table 2.1. Soil chemical analysis (Table 4.1 ‘After’) indicated that N and S would be severely 
limiting, while P and Zn could be in marginal supply. In addition, the PBI indicated the P 
buffering capacity of the soil was low. The rest of the data for pH, micronutrients, and 
exchangeable cations indicated that these elements would be sufficient for cassava 
production. 
Table 4.1: Soil analysis for the trial area, taken before and after first cassava crop cycle 
Analysis Before After SD (After) 
pH 6.1 6.0 0.2 
EC (dS/m) 0.02 0.04 0.01 
OM % - 1.15 0.05 
PBI - 42 3.3 
Nitrogen (NO3) (mg/kg) - 7 0.5 
Phosphorus (mg/kg) 9 3 1.0 
Potassium (cmolc/kg) 0.2 0.3 0.01 
Calcium (cmolc/kg) 4.2 4.5 0.36 
Magnesium (cmolc/kg) 2.1 2.5 0.29 
Sulfur (mg/kg) 5 9 0.5 
Boron (mg/kg) 0.4 0.4 0.05 
Copper (mg/kg) 0.4 0.7 0.12 
Zinc (mg/kg) 0.6 0.5 0.10 
Manganese (mg/kg) 34 17 1.8 
Iron (mg/kg) 51 46 3.1 
 
Nitrogen, K, S and Zn were included in basal fertilizer application to ensure optimal plant 
growth. As N and K are subjected to leaching losses from the field, these elements were 
applied through two split applications, the first application via drip irrigation and the second 
through hand-broadcasting. The ‘starter’ application rates were 100 kg/ha of ammonium 
sulphate and 50 kg/ha of potassium sulphate applied through fertigation, and 1.5 kg/ha of 
Liquifert Zn through foliar spray three weeks after planting. These rates were calculated for 
optimal cassava growth requirement based on the soil samples taken on the 5th of May 2014. 
Due to irrigation pump malfunction and eventual use of hand-broadcast application, much 
higher rates of N, K and S were applied in the form of urea and sulphate of potash in late 
February 2015 at a rate of 250 kg/ha. In total, the rate of various applied nutrients in their 
elemental form was 136 N, 125 K, 75 S and 0.33 Zn kg/ha. Pre-emergence and post 
emergence herbicide was used at the discretion of the farm personnel to control weeds until 
canopy closure.  
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The experimental design was a complete randomized block design with a split of plot by the 
variety of cassava. A total of 4 blocks were treated as replicates. A total of six P application 
rates 0, 7.5, 15, 30, 60 and 120 kg P/ha were used as the treatment. Two commercial cassava 
varieties, MAus7 and Avoca, were integrated into the field trial. Over all, a total of 48 plots 
(6 P rates x 4 replicates x split by 2 cassava varieties) were prepared for this study (Figure 
4.3). The dimension of each treatment plot was 3.6 m by 7.0 m (25 m2). Buffer zones (1 m on 
either side) were implemented to minimize contamination from adjacent treatments that ran 
along the same bed row. The outer lines of the bed row were used as guard rows to further 
minimize the risk of contamination from adjacent rows. Hence the 48 plots and the buffer 
zones covered a planting area of 0.14 ha in total. Each treatment plot consisted of two beds, 
with four lines of cassava plants. Within each treatment plot, a sampling area of 1.8 m x 5.0 
m (9.0 m2), which consisted of 13 cassava plants, was situated in the centre of the plot. Billets 
used were 20–25 cm in length, at least 2–3 cm in diameter, and possessed a minimum of four 
healthy nodes. The billets were hand cut using a machete and secateurs from stems harvested 
using pruning secateurs. Prior to planting, the billets were dipped in a chemical solution 
containing bifenthrin 250 g/L (insecticide) and 120 g/L of methoxy ethyl mercuric chloride 
(fungicide) at a rate of 1.5 and 1.25 mL/L, ensuring total coverage of the billet’s surface area. 
Billets were spaced 70 cm apart from the centre of the first billet to the centre of the next 
billet. For the next line in the same bed, billets followed a similar spacing sequence 35 cm 
inwards from the start of the previous line of the same bed, producing a staggered planting 
formation. This resulted in a planting density of approximately 14500 plants/ha (Figure 4.4 
right). 
 
Figure 4.3: Randomized split block design of P fertilizer rates for MAus7 and Avoca. Fertilizer rates are 
0, 7.5, 15, 30, 60, and 120 kg/ha 
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Phosphorus fertilizer, in the form of single super phosphate (SSP, 8.8% P) was applied in a 
straight band (approximately 5 cm in width) just under the rooting zone; 10 cm deep (Figure 
4.4 left). This method of application is commonly used to reduce excess application in P 
fixing soils, seedling vigour and reducing P runoff. For the purpose of manual application, 
the actual application rate was calculated and weighed as 0, 54, 107, 215, 430 and 859 g/line. 
To ensure even fertilizer application to the four lines of each treatment plot, each line was 
double-backed to increase application evenness along the line. The crop was grown between 
June 2014 and May 2015 and irrigated using a buried drip-tape irrigation system. The drip 
tape was buried approximately 30 cm under the middle of each 70 cm wide bed. 
 
Figure 4.4: Banded application of SSP at 120 kg/ha (left), and laying out of cassava billets above the band 
before being covered by soil (right) 
A longer growing period than typical (9-11 months) was required due to slow crop 
establishment experienced during the cooler, drier months of May – August. Throughout the 
11-month growth cycle, height; destructive biomass harvest and YFEL analysis data was 
collected. Establishment rates for each treatment were collected one month after planting 
(MAP). This was followed by plant height collection at three MAP and YFEL sampling 
every 2 – 3 months throughout the 11 month growth cycle. YFEL samples were collected in 
October, December, February and May at 17, 27, 38 and 50 weeks after planting respectively. 
Plant height was taken from three randomly selected plants from the datum pool and 
measured from the base of the plant to the extension of the highest leaf point. The average 
height of the three plants was used to represent the treatment plot. During harvest, three 
plants, preferably in the sample zone were selected. These plants were unearthed fully (with 
tubers intact) before the following parameters were measured and/or recorded. The following 
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parameters were harvest index, stem diameter, number of storage roots, fresh biomass of 
stem, leaves and roots, and starch content. Starch content was determined through weight 
differentiation. Harvest index was determined by taking fresh tuber biomass and dividing by 
total fresh biomass. PUE was calculated as kg of dry tuber biomass/kg of P in total biomass, 
while P uptake fertilizer efficiency (PUfE) was calculated as kg of P uptake/kg of P applied 
per hectare. Subsequently, YFEL, stems and tubers were sub-sampled for the further plant 
tissue analyses. 
In addition, fibrous root samples were also collected to a depth of 10 cm for the 
quantification of mycorrhizal colonization. Fibrous roots were collected and preserved in 
glycerol. In the laboratory, roots were washed in DI water using a sieve and cut to 1 cm 
length. A sub-sample of 500 mg was weighed out and placed in modified tubes with sieves. 
Thereafter, the roots were cleared in 10% KOH for 90 minutes at 95 ºC, rinsed in DI water, 
acidified using 1M HCl, rinsed in DI water, stained in a trypan blue solution for 10 minutes at 
95 ºC, rinsed in DI water, destained in a 0.05% lactogycerol solution for 30 minutes at 95 ºC, 
and stored at 4 ºC in 0.05% lactogycerol solution. Mycorrhizal colonization was determined 
under a microscope using the grid-line intersect method (Giovannetti and Mosse, 1980). 
Plant samples were dried at 60 ºC to constant weight and moisture content was determined. 
The samples were then ground to powder using a stainless steel grinder. Thereafter, they were 
composited by treatment before plant nutrient analysis. Analysis was carried out by 
perchloric/nitric acid digestion and analysed through ICP-OES. In examining yield responses 
to P additions, height, YFEL P concentration, VAM colonization percentage and harvest 
biomass data were statistically analysed using SigmaPlot 12.5 and Minitab 17 through both 
the General Linear Model and One Way Anova spilt plot design with Fishers LSD at p<0.05 
to determine significance between treatments and cultivars. A fitted regression model was 
used to determine significance at p<0.05 for correlation between tissue P concentrations and 
PUE. 
4.3 Results and Discussion 
General crop growth 
An establishment count was conducted 4 weeks after planting and yielded a 97% 
establishment rate for the whole trial. During the second month, the middle row of MAus7 
suffered chemical burn from herbicide application and several plots were damaged by pigs 
(Figure 4.5 right). 
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Figure 4.5: Chemical burn from herbicide application (left) and pig damage (right) 
Shortly thereafter, no more damage was reported and the trial was allowed to establish and 
grow until a month before harvest. There were only two more instances that may have 
slightly limited plant growth and development. First, the trial experienced a two and a half 
month period of ‘drought’ between October and December when the drip irrigation was 
unavailable due to a pump malfunction. However, the crop was still exposed to rain events 
which amounted to approximately less than 174 mm over the three months. This resulted in 
the crop experiencing slight water stress (no leaf shedding) which was portrayed through 
burnt leaf tips. Second, due to the initial malfunction, fertigation of basal nutrients N, K and S 
in November was delayed to February when the nutrients were hand broadcast instead of 
fertigated. The trial was harvested on the 22nd of May 2015, 50 weeks after planting. The late 
harvest date was due to slow establishment associated with low temperatures experienced 
during the July–August period (Figure 4.1). However, the field trial experienced extensive 
pig damage a month before harvest. This left only a limited number of plants in the sampling 
zone and in some instances; no plants were available in the sampling zone. In plots having 
insufficient plants in the sampling zone, plants were harvested from the buffer zones. The 
damage was observed to occur more frequently in plots containing MAus7 compared to 
Avoca. Before the trial began, plans to install barb wired fencing around the trial was 
dismissed by the company due to lack of resources. An interval air-blaster horn was installed 
close to the trial area but it effect was limited. 
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Plant heights at 27 weeks after planting showed no significant differences between 
treatments. There was a strong significant difference (p<0.001) between cultivars, with 
Avoca and MAus7 treatments averaging 1.53 m and 1.17 m. The height difference between 
cultivars were reflected in their physical appearances, with MAus7 possessing a denser 
canopy and Avoca being taller with a thinner canopy (Figure 4.6). In general, none of the 
published studies conducted with cassava used height as a response indicator to nutrient 
additions; presumably for several reasons. First, difficulty of measuring height for a tall plant 
>2 m made it impractical. Second, yield was based on below-ground dry matter, with top-
biomass not always representative of below ground biomass. Hicks et al. (1991) reported that 
shoot dry weight was not always representative or sensitive to storage root organ response to 
P fertilization. Pellet and El-Sharkawy (1993b) stated that the response of aerial biomass to P 
additions was not correlated to increases in root yield. In this study, height was used to 
monitor growth during early crop development. 
 
Figure 4.6: Mean plant height of MAus7 and Avoca taken 27 weeks after planting (n=16). Each error bar 
indicates a standard error of means. 
At 50 weeks after planting, MAus7 achieved a mean whole plant dry weight of 1700 g while 
Avoca achieved 2200 g. This equated to 24.6 t/ha and 32.0 t/ha in whole plant dry matter for 
both MAus7 and Avoca. There were no significant differences in whole dry plant weights 
between treatments for either cultivar. A P rate of 60 kg/ha for MAus7 and 7.5 kg/ha for 
Avoca produced the largest quantity of total dry matter within each cultivar at 28.8 t/ha and 
36.6 t/ha (Figure 4.7). The difference in mean dry above-ground biomass between mean 
control and mean highest achieved top biomass treatment increase between the glasshouse 
rate trial (61%) and field trial (18%), in response to P additions was markedly different. The 
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mean dry above-ground biomass increase for the field trial was derived by taking the average 
top biomass increase of both cultivars. Top biomass was taken as a comparative measure as 
the glasshouse rate trial used a similar measure to quantify plant response. The marked 
difference between biomass increases indicated greater P limitation in the glasshouse trial 
than the field trial. This was observed, even though soil chemical analysis (Table 4.1) 
indicated that Olsen P was lower (Olsen-P 3 mg/kg) in the field trial soil than in the native 
soil 3B (Olsen-P 9 mg/kg) used in the glasshouse rate trial. This provided evidence that there 
were factors relating to P uptake that were not well represented in the glasshouse bioassay.  
 
Figure 4.7: Effect of P fertilization on dry leaf, stem and tuber biomass production in MAus7 (a) and 
Avoca (b) 50 weeks after planting 
The addition of P fertilizers resulted in no significant difference in fresh tuber yield between 
treatments for both cultivars, MAus7 (p=0.323) and Avoca (p=0.641). Dry tuber biomass also 
resulted in no significant difference between treatments in both MAus7 (p=0.732) and Avoca 
(p=0.602). The cultivar MAus7 had a mean yield of 29.8 t/ha, whereas Avoca attained 36.6 
t/ha. Even though the largest whole dry plant weight occurred at P rate of 7.5 kg/ha in Avoca, 
P rate of 120 kg/ha produced the highest tuber yields at 40.8 t/ha (Figure 4.8). On the other 
hand, P rate of 60 kg/ha similarly produced the largest yield at 39.8 t/ha in MAus7. From the 
field trial results, the optimum rate for P additions was estimated as 50-60 kg/ha P for 
MAus7. Phosphorus additions yielded an increase of 11% and 26% in both Avoca and 
MAus7. In general, the poor response of both cultivars to P fertilization, coincided with other 
studies which showed that response to P fertilization was particularly dependent on cultivar, 
soil type, soil native P and P application method (Fulton et al., 1996; Hicks et al., 1991; Pellet 
and El-Sharkawy, 1993b; Zaag et al., 1979). 
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Fulton et al. (1996) reported that cultivar MAus7 portrayed strong yield response to P 
fertilization with banded (200 kg/ha) and broadcast (400 kg/ha) triple superphosphate and 
broadcast rock phosphate (400 kg/ha). Hicks et al. (1991) presented strong response to P 
fertilization on only one of the five soils at a broadcast rate of 120 kg/ha with the cultivar 
MAus7. The rest of the soil types yielded only limited or no response to P fertilization, which 
was attributed to the dependent retention of P on soil texture and native soil P levels. Pellet 
and El-Sharkawy (1993b) showed a response of four cultivars (CM523-7, CM489-1, 
MCol1684 and CMC40) to broadcast P fertilization, with a recommended rate of 50-60 
kg/ha. Zaag et al. (1979) demonstrated substantial increase in vegetative growth with 
increased P additions, however, only one (Ceiba) out of six cultivars responded to broadcast 
P fertilization with increased storage root yields. Due to the variation in cassava yield 
response to P fertilization, Pellet and El-Sharkawy (1993a) suggested the cultivar dependency 
in P uptake was primarily attributed to root length density and secondarily to the level of 
VAM effectiveness by comparing these traits within cultivars. This may be true as VAM 
operates only as an extension of the roots, thus a cultivar with lower root density would be 
expected to have a decreased VAM effect on P acquisition. In addition, both Fulton et al. 
(1996) and Hicks et al. (1991) proposed that soils with low P fixing characteristics combined 
with sufficient moisture (which would allow uninhibited root development) would allow 
cassava’s extensive root system to make fuller use of broadcast P fertilization. These possible 
factors may have led to the lack of significant response to P fertilization in this current study. 
 
Figure 4.8: Mean fresh tuber yield of MAus7 and Avoca grown for 50 weeks with banded single super 
phosphate applied according to P rates 
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Other biometric data collected at harvest, which included stem diameter and number of 
storage roots did not yield any significant treatment effect. There was also no treatment or 
cultivar effect on starch content. In general, both cultivars had similar mean stem diameter 
and starch content. In addition, both the number of storage roots and stem diameter were poor 
indicators of yield, with poor correlation between these traits and root yield (Table 4.2). 
This was in contrast to the study conducted by Pellet and El-Sharkawy (1993b), which 
demonstrated a positive correlation between number of storage root and tuber weight 
(r2=0.65, p<0.001) thus implying that storage root number may indicate root yield. This 
positive correlation was similarly reported in a study conducted by Vine and Ahmad (1987). 
This further suggested that cassava could be sink-limited if root number was considered an 
indicator of root sink strength. Cock et al. (1979) reported root-sink limitation occurred when 
there were fewer than 9 storage roots. In this context, it could be implied that both MAus7 
and Avoca could have been affected by this root-sink limitation thus reducing yield response 
to P fertilization (Pellet and El-Sharkawy, 1993b). Nonetheless, this variance in positive 
correlation between number of storage root and yield could be attributed to the different 
method of categorizing storage roots with the previous mentioned studies classifying storage 
roots as adventitious roots that were >1 cm thick, while this current study classified storage 
roots as >2 cm thick. 
Table 4.2: Mean stem diameter, number of storage roots and starch content of MAus7 and Avoca with 
the use of these values as potential yield predictors 
Cultivar Stem Diameter (mm) No. of Storage Root Starch Content (%) 
MAus7 26 7.0 24 
Avoca 26 8.5 23 
Yield Predictor p=0.002, r2=0.35 p=0.004, r2=0.31 - 
 
Optimum rate of P at 30 kg/ha, deduced from the rate trial, produced the lowest harvest index 
in both cultivars. Harvest index of the 30 kg P/ha treatment in MAus7 was significantly lower 
than the rest of the treatments at p<0.05. Overall, the mean harvest indexes for both MAus7 
and Avoca were 50% and 43% lower than that reported by Hicks et al. (1991) 0.80 and 
Fulton et al. (1996) 0.70 (Table 4.3).  The high harvest index reported in Hicks et al. (1991) 
was credited to poor above-ground growth. Compared to other studies that reported dry 
above-ground biomass data, such as Pellet and El-Sharkawy (1993b) with a mean value of 
7.9 t/ha and Hicks et al. (1991) with a mean value of <5 t/ha, the current study had a mean 
dry-top biomass of 13.3 and 18.9 t/ha for MAus7 and Avoca. Howeler and Cadavid (1983) 
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reported that multi-nutrient fertilization stimulated top growth rather than root growth, and 
resulted in a low harvest index under non-limiting conditions. Zaag et al. (1979) also 
suggested that vigorous top growth associated with high P levels was made at the expense of 
carbohydrate storage in roots. This reason may have most likely led to the comparatively low 
harvest index reported in this study, where extensive top-biomass growth was observed. 
Hicks et al (1991) and Fulton et al (1996) reported maximumyields of 27-33 t/ha. Howeler 
and Cadavid (1983) reported yields of 59 and 41 t/ha in two cultivars, M Col 22 and M Mex 
59. The current study produced a maximum yield of 41 and 40 t/ha for Avoca and MAus7. 
Till this point, the current study possessed moderate yield but very low harvest index, which 
indicated that yield response to P fertilization may be highly dependent on the balance 
between top growth potential of various cultivars and the strength of storage root sink.  
Table 4.3: Harvest index for MAus7 and Avoca at 50 weeks after planting with rates of banded P 
fertilizer 
Harvest Index 
(tuber/whole 
plant) 
Rate of P applied (kg/ha) 
0 7.5 15 30 60 120 
MAus7 0.39a* 0.40a 0.41a 0.31b 0.44a 0.40a 
Avoca 0.41a 0.40a 0.38a 0.34a 0.42a 0.38a 
*The same letter indicates no significant difference within a row at p=0.05. 
Phosphorus concentration in YFEL was observed to gradually decrease over time, from a 
mean of 0.51% to 0.37% in MAus7 and 0.49% to 0.31% in Avoca, but did not fall below the 
critical level of 0.30%, with the exception of one Avoca treatment from May harvest 
sampling (Table 4.4). There was no significant correlation between P application rate and leaf 
P concentration in the current study. This was similar to studies conducted by Hicks et al. 
(1991) and Howeler and Cadavid (1983). In the former study conducted by Hicks et al. 
(1991), it was reported that YFEL tissue concentrations increased with increasing P 
application rate in cultivars that had significant yield increases, while no increase in P tissue 
concentration was observed in cultivars that had no significant increases in yield between 
varying P rates. The latter mentioned study conducted by Howeler and Cadavid (1983) 
demonstrated that additions of various nutrient fertilizers increased YFEL tissue 
concentrations of added elements when there was a significant yield difference between the 
control and fertilized treatment. In contrast, Zaag et al. (1979) showed that the Ceiba cultivar, 
which produced significant yield response to P fertilization only managed to generate a slight 
response in YFEL tissue P concentration. The lack of response in YFEL P concentration was 
evidence that the crop was either unable to fully access or utilize the P fertilizer, for which 
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there are several plausible reasons. Firstly, if the crop had sufficient P available from the soil, 
the effect of fertilization would have been minimal. Secondly, if P fixation was not an issue, 
then banding fertilizer would reduce P uptake surface area, thus reducing the effect of 
fertilization. 
Table 4.4: Representative phosphorus levels in YFEL for MAus7 and Avoca throughout growth cycle 
P 
Application 
Rate 
(kg/ha) 
October December February May (Harvest) 
MAus7 
% 
Avoca % MAus7 
% 
Avoca % MAus7 
% 
Avoca % MAus7 
% 
Avoca % 
0 0.50 0.49 0.39 0.31 0.36 0.34 0.36 0.30 
7.5 0.54 0.50 0.39 0.33 0.38 0.32 0.34 0.30 
15 0.49 0.49 0.38 0.34 0.40 0.32 0.36 0.29 
30 0.49 0.50 0.40 0.35 0.39 0.35 0.39 0.32 
60 0.50 0.49 0.39 0.32 0.38 0.38 0.37 0.32 
120 0.54 0.48 0.38 0.35 0.40 0.34 0.37 0.34 
 
In general, both cultivars followed the trend of increasing P uptake with increasing P 
application (Figure 4.9). In addition, Avoca accumulated more P compared to MAus7. This P 
uptake trend was more pronounced in Avoca compared to MAus7. This study resulted in P 
accumulation of 34–52 kg P/ha and 39–76 kg P/ha in MAus7 and Avoca respectively. These 
values were much higher than that in other studies, which showed maximum P accumulation 
ranged between 22 and 37 kg P/ha (Howeler and Cadavid, 1983; Pellet and El-Sharkawy, 
1993). Higher P accumulation occurs when more P is allocated to vigorous top growth, 
affected by the low harvest index shown in both cultivars in this study and Howeler and 
Cadavid (1983). 
 
Figure 4.9: Total P uptake in two cassava cultivars, MAus7 and Avoca, 50 weeks after planting. Error 
bar indicates mean standard error. 
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The trend of decreasing PUE with increasing P application was observed to be more 
pronounced in Avoca compared to MAus7. However, the trend was not significant (p<0.05) 
in either cultivar. Low PUE further indicated the internal use of absorbed P favouring above-
ground biomass growth over below-ground tuber growth. Avoca achieved the highest PUE of 
297 kg/kg at 0 kg/ha P rate, while MAus7 achieved its highest PUE of 255 kg/kg at 7.5 kg/ha. 
In this study, PUE (kg of dry tuber biomass/kg of P in total biomass) was much lower than in 
other studies such as Pellet and El-Sharkawy (1993a) where PUE between approximately 
400-1100 kg/kg was recorded in four cassava cultivars. The difference in PUE reported in 
Pellet and El-Sharkawy (1993a) and the current study was between a range of 36-77% and 
26-73% for MAus7 and Avoca respectively, and dependent on which cultivar in the former 
study the comparison was made with. Using the Pellet and El-Sharkawy (1993a) study as 
further comparison to uncover the cause of low PUE in the current study, it was observed that 
the current study had much higher P uptake with similar dry tuber yields. It could thus be 
inferred that there P may have been more available and less limiting in the current study. 
Uptake efficiency of fertilizer P (PUfE) was observed to decrease with increasing P 
application (Figure 4.10 right), which was the result of relatively low variation between P 
uptake in treatments. MAus7 had a total P uptake of between 40 and 59 kg/ha, while Avoca 
had uptake between 68 and 81 kg/ ha of P. This further confirmed that P was not a limiting 
factor in the five applied rates of P in regards to the growth and development of cassava crop. 
 
Figure 4.10: Phosphorus yield efficiency (left) and phosphorus uptake fertilizer efficiency (right) in 
MAus7 and Avoca at 50 weeks after planting. 
Stem P concentration in Avoca increased with increasing P application, from 0.16% at 0 
kg/ha to 0.32% at 120 kg/ha P rate in Avoca (Figure 4.11 right). This result was consistent 
with the findings in Gerloff (1987) where reduced allocation of P in supporting structures, 
such as stems, occurred due to the plant adaptation to low P environment. A strong negative 
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correlation (r2=0.73, p<0.001) between PUE and stem P concentrations occurred regardless 
the  cultivar (Figure 4.11 left). The result also suggested that the specific pattern of dry matter 
partitioning between above-ground and below-ground growth could influence PUE in 
cassava. This would be a critical factor to be considered for increased tuber yield to be 
achieved by selecting cultivars with stronger root-sink strength. 
 
Figure 4.11: Correlation between PYE and stem P concentration (left) and the effect of P supply on stem 
P concentration (right) in MAus7 and Avoca at 50 weeks after planting. 
The absence of significant yield response to P applications could also be attributed to the 
extent of association with VAM. Even though there was no significant difference in 
mycorrhizal infection between P treatments of both MAus7 (p=0.574) and Avoca (p=0.544), 
there was a strong significant cultivar difference (p<0.001) with MAus7 observed to possess 
lower colonization percentage at a mean of 28% (S.D. 8.6) and Avoca at a mean of 46 % 
(S.D. 13). Pellet and El-Sharkawy (1993a) also reported no significant effect of P fertilization 
on VAM colonization, and attributed it to the presence of Glomus manihotis VAM species, 
which remained active even at high P supply (Sieverding and Howeler, 1985). This may not 
have been the case in the current study, as yield in both cultivars was observed to decrease 
slightly before gradually increasing under increasing P application. As P supply increases, 
VAM effect decreases. The dip in yield response especially at the lower rate may be caused 
by lowering the effectiveness of VAM without supply adequate P to the plant to compensate 
for the minimized VAM effect. However, as P supply increases, the reduced effect of VAM 
is marginalized P is made available to the plant. This was consistent with other studies which 
concluded that the effect of VAM on P uptake decreased with increasing P additions (Smith 
and Read, 1997). This significant difference in VAM colonization could be used to explain 
MAus7 slightly greater yield response to P additions compared to Avoca. There was a 26% 
increase in yield for MAus7 and 11% increase for Avoca between the control (no added P) 
78 | P a g e  
 
and maximum yield of each cultivar. This lesser association with VAM indicated that MAus7 
could be more responsive to P, Zn and K additions. 
The rates of P application did not affect the concentrations of other nutrients in YFEL, which 
were sampled throughout the growing season (Table 4.5). Similarly to P, there was a steady 
drop in N, K, S and Zn  concentrations with time, with N and K increasing slightly at the end 
of harvest, most likely due to the secondary basal fertilizer application in February 2015. 
Table 4.5: Concentrations of N, K, Ca, Mg, S (% DW) and micronutrients (ppm DW) of YFEL for 
MAus7 and Avoca throughout growth cycle 
*Elements 
October December February May (Harvest) 
MAus7 Avoca MAus7 Avoca MAus7 Avoca MAus7 Avoca 
N 6.04 6.29 5.31 5.44 4.72 4.63 5.31 5.44 
K 2.22 2.22 1.85 1.67 2.15 1.92 2.40 1.76 
Ca 0.40 0.51 0.75 0.86 0.72 1.24 0.60 0.83 
Mg 0.28 0.32 0.38 0.42 0.36 0.48 0.32 0.35 
S 0.38 0.37 0.36 0.32 0.30 0.30 0.32 0.31 
B 28 30 32 36 30 35 39 33 
Cu 13 12 10 9 8 8 10 8 
Fe 180 170 83 95 83 89 197 170 
Mn 117 106 139 131 190 233 160 167 
Zn 75 81 53 53 59 56 58 44 
* Values are means of all P treatments 
 
Tissue concentrations of S and Zn did not increase after the final basal fertilizer application, 
which may have been attributed to the crop’s high requirement of S, and sensitivity to Zn. 
The crop was exposed to long periods where N was evidently in short supply (critical 
concentration of 5.7% taken from Asher et al. 1980), particularly during the February 
sampling. This could have influenced the total tuber yield as the glasshouse trials indicated 
the steep yield decline under N deficient conditions (Chapter 3). This was also occured with 
S, but unlike N, YFEL S concentrations slipped below critical concentration of 0.32% only 
during the February sampling. Concentrations of K were observed to be constantly lower in 
Avoca than MAus7 throughout the later sampling dates, which may indicate Avoca’s higher 
K requirement or its increased partitioning of K to its tubers. Overall, the crops did not 
display any visual nutrient deficiency symptoms throughout their growth. 
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4.4 Conclusion 
 
Phosphorus additions did not result in significant yield response in either cultivar. Three 
scenarios are suggested to account for this result. First, both cultivars may have possessed 
weak root-sink strength, portraying vigorous top growth but average tuber growth, which 
resulted in a low harvest index. This was further established by the indicator of low storage 
root number and the strong correlation between PUE and stem P tissue concentration. 
Second, the presence of VAM and its strong association with cassava diminished yield 
response to P fertilization. This was further supported by the significant difference in VAM 
colonization between both cultivars, which explained MAus7’s increased yield response to P 
fertilization in respect to its lower colonization percentage. Third, soil P was adequate despite 
low soil tests values. The analysis might not have been able to represent actual nutrient status 
in the field due to the application of previous crop’s banded P fertilizer and the transect 
sampling procedure used in collecting soil for analysis. Transect sampling may have 
underestimated the amount of P in the trial plot, especially if the current study crop was 
planted in similar rows as the previous crop, allowing it access to P fertilizer residue that was 
not accounted for in the soil analysis. The YFEL P concentrations and PUfE data further 
supported claims that P was not a limiting factor at any of the six P application rates. Fourth, 
even though it has been established in the third point that there was no P limitation, even in 
the control, using broadcast method over banding for the application of P fertilizers may be 
more effective in low P-fixing soils with adequate moisture supply. Fifth, limitation to N 
nutrition during the trial may have affected P response. 
In view of these results, the potential for the crop to achieve a yield of 70 t/ha on soil 3B is 
highly promising. This can be achieved through timely fertilization of N, K and S throughout 
the growing season and ensuring the crop does not experience moisture stress. The effect of P 
fertilization may be improved through broadcast application followed by incorporation into 
the soil. A rate of 50-60 kg P/ha was recommended to maintain P fertility in soil 3B. 
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Chapter 5: The use of Amberlite™ IRA743 resin to control boron concentrations in soil 
solution 
 
5.1 Introduction 
 
Boron deficiency generally occurs in soils with acidic sandy texture and low organic matter 
content. Such soils are usually found in areas with high precipitation regimes (Aitken et al., 
1987). Liming of acid soils may create temporary B deficiency by increasing B adsorption at 
high pH (Reisenauer et al., 1973). Boron does not undergo oxidation-reduction or 
volatization reactions in the soil. Under natural conditions, more than 98% of soil solution B 
occurs in the form of boric acid and less than 2% as the borate anion (Marshner, 1995). The 
borate anion, B(OH)4- is formed when H3BO3 accepts a hydroxyl ion. Boron minerals like 
tourmaline are highly insoluble, while hydrated B minerals are extremely soluble and 
susceptible to leaching, thus limiting both pools in dictating B availability in the soil solution 
(Goldberg, 1997). Boron availability in soils is generally controlled by adsorptive reactions. 
As plants respond only to B in soil solution, factors governing the extent of adsorption, such 
as pH, moisture, texture and temperature, directly affect B availability. Plants absorb B from 
soil through both mass flow convection and diffusion processes. 
Soil chemical analysis attempts to determine the amount of B available for plant uptake, to 
enable early B deficiency diagnosis so as to allow the rectification of limitations through 
fertilizer applications (Goldberg and Suarez, 2014). Extracting fractions of soil B can indicate 
the amount of plant-available B based on an empirical correlation between the extractable 
values and plant response. The hot water extractable B method (Berger and Troug, 1939) is 
still considered as the standard method due to a reasonable correlation with response of many 
crop species on a wide range of soils. Another common technique to assess plant available B 
was CaCl2-mannitol extraction (Cartwright et al. 1983). In an Australian context, Aitken et al. 
(1987) established a slightly superior correlation using hot 0.01M CaCl2 extractable B 
compared with other extraction techniques such as hot water, 0.01M tartaric acid, and soil 
solution extract. 
Chemical extractions only provide an extremely limited comprehension of a plant’s ability to 
absorb B from the soil. As mentioned above there are other factors that directly affect B 
availability in the soil, such as soil moisture content. It is well documented that moisture 
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plays a critical role in B availability and uptake in plants (Wimmer and Eichert, 2013). One 
such instance where this limitation was observed was during routine leaf tissue analysis for 
the farm’s cassava crop. Cassava plants grown in mildly B limiting soils, with 0.4 mg/kg 
0.01M CaCl2 extractable B (not below critical concentration of 0.2 mg/kg), were observed to 
display B deficiency symptoms under water stressed conditions in the field (Figure 5.1). 
These symptoms were not observed in un-stressed plants grown in close vicinity. 
Furthermore the youngest expanded leaf tissue analysis did not show B to be deficient in the 
stressed plants. Critical concentration for the youngest expanded leaf was derived at 25 
mg/kg (Asad et al., 2002) using nutrient solution culture. Under these circumstances, it could 
be understood that the soil was not B deficient; and the plant was primarily limited by 
moisture, which may have led to a secondary limitation in B. It was also assumed that leaf 
tissue B analysis was unable to account for the primary moisture limitation, which may 
indicate that another plant part would provide better correlation to plant B status under these 
conditions. 
This situation emphasized the need to correlate the level of soil moisture content to soil B 
availability at different B concentrations, so as to discern the stage at which plants become 
susceptible to B deficiency. For this to be achieved, both soil moisture content and soil 
solution B concentration must be controlled. Additionally, given that the concentration range 
between toxicity and deficiency in B is very narrow, most studies invloving the control of soil 
solution B have been restricted to nutrient solution culture (Asad et al., 1997a; Asad et al., 
1997b) or sand culture (Smith et al., 1983). Asher and Edwards (1983) further stated 
limitations of conducting experiments in solution culture, and even sand/gravel culture, 
would not be able to account for the complexity of plant growth in soil. It was also obvious 
that studies pertaining to B and soil moisture would obviously be unavailable in a nutrient 
solution culture platform. 
 
82 | P a g e  
 
 
Figure 5.1: Cassava exhibiting boron deficiency symptoms in the field (photo courtesy of Prof Colin 
Asher) 
The use of Amberlite™ IRA743 B-specific resin has been reported to successfully control B 
concentration in nutrient solution in a number of studies (Asad et al., 1997a; Asad et al., 
1997b; Asad et al., 2001; Asad et al., 2002; Huang et al., 1999). However, this B-specific 
resin has not been used to control B concentration in the soil. This study explores the novel 
idea of using this B-specific resin to manipulate B concentrations in soil solution. This would 
allow future B related studies to be carried out using soil instead of contained systems such as 
sand or solution culture, which are prone to producing experimental artefacts. 
It was hypothesized that additions of the resin, according to calculations based on boron’s 
diffusion coefficient; the lower end of the resin’s saturation capacity, and the soil’s 0.01M 
CaCl2 extractable B value, will decrease B availability through ion adsorption on its highly 
selective exchange site to equilibrium thus ‘artificially’ manipulating the B concentration in 
the soil for a specified amount of time. It was also assumed that plants would be unable to 
extract resin adsorbed B. 
 
5.2 Material and Methods 
 
Two experiments were conducted to examine the hypothesis. The first will be termed 
‘experiment 1’ and the later will be termed ‘experiment 2’. Experiment 1 was used as a 
preliminary trial to identify the effects of B-specific resin mixing ratio on soil solution B 
concentration. The preliminary experiment was essential in demonstrating the reduction of 
soil solution B concentration following the addition of B-specific resin and providing a gauge 
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of soil solution B concentration. Experiment 2 tested the relationship between equilibrated 
soil solution B concentration and plant B response. 
In experiment 1, two soils were used in the experiment, a brown Chromosol (BC) with a 
0.01M CaCl2 extractable boron value of 0.7 mg/kg and a red Ferrosol (RF) with an 
extractable B value of 1.8 mg/kg. Both soils were air-dried and sieved to pass 1 cm2 mesh and 
stored in plastic-lined 200 L drums. BC and RF had a moisture content of 2.4% and 5.2% at 
air-dry condition and 27.2% and 30.3% at field capacity. 
A 10 cm2 piece of capillary mat was glued to the bottom of a 140mm ANOVApot® to cover 
the drainage hole, ensuring that potted soil was not lost and sufficient moisture drainage was 
permitted. Three holes were drilled around the sides of the pot, each of them approximately 4 
cm from the top, 7 cm from the top/bottom and 4 cm from the bottom. The holes were 
equally spaced along the circumference of the pot’s side. Polyacrylonitrile hollow fibre 
samplers were inserted through the holes and fastened using silicone glue. The 
polyacrylonitrile hollow fibre samplers were used to extract soil solution in a non-destructive 
in-situ extraction described in Menzies and Guppy (2000). 
Amberlite™ IRA743 resin (Dow Chemical Company, Michigan, United States) is a B 
specific chelating resin to remove borate, boric acid and other species of B. This resin has a 
saturation capacity between 2.2–5.0 mg B/g (Asad et al., 2002), is highly selective to B, and 
does not significantly interfere with salts and bases (Rohm and Haas, 2008). It has been used 
in waste water purification and in B nutrient solution research acting either as a 
purifier/remover or slow release once fully saturated (Asad et al., 2003). The resin had an 
average density of 0.68 g/cm3. By taking the mass of resin used, the volume of resin for the 1 
times treatment was calculated to be 1.5 cm3 and 1.3 cm3 for RF and BC.  Using the diffusion 
coefficient of B in loamy soil with a bulk density of 1.3 g/cm3 at volumetric moisture content 
of 31%, which is 2.44±0.17 x10-6 cm3/sec (Sulaiman and Kay, 1972) or 2.87 x10-9 cm3/sec 
(spherical), and assuming homogenous distribution of resin in the soil, the diffusion to 
adsorption process would take approximately 4.8 days (116 hours) and 5.2 days (125 hours) 
for RF and BC. As the bulk density of RF is much lower than the soil with the diffusion 
coefficient used, the time taken for diffusion to adsorption process was expected to be 
slightly quicker than that in BC. The difference in time taken between both soils can be 
related to soil texture and its resulting moisture content capacity. 
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Rates of resin were calculated by applying the lower end of its saturation capacity, 2.2 mg 
B/g to B content in each soil based on 0.01M CaCl2 extractable B values at 1.2 kg of soil. The 
rates were then derived at 0, 0.5, 1, 2 and 4 times of the resulting value, which provided 0, 
0.19, 0.38, 0.76, 1.5 g of resin for BC and 0, 0.49, 0.98, 1.96 and 3.92 g of resin for RF. The 
amount of resin added to the soil (even at the highest rate) was assumed to cause insignificant 
changes to overall soil bulk density. As the rate of replenishment of soil solution B was 
unknown and the adsorptive effect of the resin in soil had never been recorded, higher resin 
rates were used to assess the speed it took to reach equilibrium and the extent of B adsorption 
of the resin. Therefore, assuming resin beads were uniformly distributed throughout the soil, 
theoretically, higher rates of resin would lead to quicker and longer lasting equilibrium. 
Treatments were replicated four times and placed in a completely randomized block design. 
To prepare the soil-resin mixture, 1.2 kg of each soil was placed in a plastic bag with 
measured amounts of resin and mixed by shaking and rolling the soil for 30 seconds. The soil 
and resin mixture was than emptied into the modified 140mm pot and packed by dropping the 
pot five times from a height of 5–8 cm. The packing resulted in bulk densities of 1.2 and 1.0 
g/cm3 for BC and RF. Thereafter, deboronated deionised water was added to gravimetric field 
capacity and a piece of reflective insulation was used to cover the surface so as to reduce 
surface evaporation. 
During experimental preparation, only deboronated triple-filtered deionised water (Labconco 
Waterpro PS, Missouri, US) was used and acid-washed plastic tools were used as much as 
possible to minimize the contamination from borosilicate glassware. Deboronisation of triple-
filtered deionized water was performed by passing the water through a 500 cm3 B-specific 
resin column at the flow rate of approximately 9 mL/minute. Before using the resin, the resin 
was cleaned using the following technique. Firstly, resin was packed into the column and 1 L 
of deboronated water was passed drop-wise through the column. This was followed in order 
of 1 L of 10% H2SO4; 1 L of 4% NaOH; and 2 L of deboronated water. The cleaned resin 
was then air-dried and placed in an acid-washed plastic bottle and stored in a cool dry place. 
Soil solution samples were collected by creating a vacuum using a 10 mL syringe at 1, 3, 7, 
14 and 21 days after the start of experiment, with field capacity moisture content maintained 
with deboronated water after every extraction. Extracted soil solution from the three samplers 
was combined to form a 10 mL composite sample. In cases where not enough soil solution 
was extracted, the samples were still composited and placed in 10 mL plastic tubes. The 
85 | P a g e  
 
collected soil solution was stored at 4ºC before analysis by ICP-MS. Soil solution samples 
were analysed using ICP-OES with a limit of reporting (LOR) value of 0.05 mg/L. 
In the final experiment, sunflowers were chosen as a test crop due to the crop’s well 
documented sensitivity to B deficiency due to high B requirement of herbaceous woody 
dicots (Gupta, 1993). Additionally, RF was used as a growth medium due to the unknown 
effect of the resin on soil solution B concentration. Due to the LOR for analytical 
instruments, higher B content soil would allow greater range of observations on the effect of 
resin on soil solution B. In sunflowers, the optimum concentration of B in solution has been 
reported to be 0.011 mg/L or >1.2µM B and deficiency occurred at 0.0014 mg/L, or 0.13µM 
B (Asad et al., 2001). A larger 175 mm ANOVApot® was used to cater for the extended 
period of plant growth so as to reduce the limitation of root function associated with pot 
studies. Based on preliminary results, rates of 0, 2, 4, 6 and 8 times of ‘expected’ resin 
quantity was used, resulting in 0, 4.84, 9.68, 14.52, and 19.36 g of resin. Soil (3.063 kg) and 
resin was mixed in similar fashion to the preliminary experiment and packed to a bulk density 
of 1.2 g/cm3. The treatments were replicated four times and placed in a completely 
randomized block design. The pots were modified similarly to the preliminary trial. Soil 
solution was extracted at 7, 14, 21, 35, 56 and 70 days after the start of experiment using a 50 
mL syringe and combined to form a composite sample. This composite sample was a 
composite of all four replicates and represented each treatment. This was done for of two 
reasons, firstly, preliminary trial results showed very low deviation between replicates and 
secondly concentration of sample required a larger initial volume to produce sufficient 
concentrate for ICP-MS analysis at an LOR of 0.001 mg/L. The final composite sample was 
concentrated 10 times through evaporation at 35ºC. As the plants grow larger, the water use 
by plant competed with the solution extractor for moisture. Hence soil solution was extracted 
1 hour before daybreak following water additions to gravimetric field capacity the evening 
before (after sunset). The total target mass of the experimental units associate with field 
capacity soil water content was adjusted for plant mass by taking weekly height 
measurements and inserting values into an equation derived from a correlation between 
height and weight in sunflowers (r2=0.88). Sunflowers were germinated on moist paper 
towels at 28ºC using deboronated TDI water for 48 hours prior to transplanting. Germinated 
seedlings were planted 21 days after the start of experiment (DAS). Prior to planting of 
seedlings, 1.37 g of single super phosphate (8.8% P) was banded under the seedlings. 
Thereafter, basal nutrient solutions of N, P, K and Zn were applied at 0.20, 0.16, 0.17, 0.01 g 
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per pot, before moisture was added to bring the soil to field capacity. The same rates of N, P 
and K were added again at 30 days after planting with another similar rate of N added over 12 
days between days 46 and 57 after planting. The trial was harvested 63 days after planting 
with fresh weights of young leaves, old leaves and stems taken. Roots were recovered by 
washing and sieving. Plant parts were dried at 60ºC to constant weight before the dry biomass 
was recorded. The plant samples were ground to powder and digested using nitric acid in 
microwaveable Teflon tubes and analysed using ICP-OES. Plant biomass and B 
concentration in plant tissue data were statistically analysed using MiniTab 17 One-Way 
ANOVA with Fishers least significant difference (LSD). A fitted regression model was used 
to assess the correlation between plant tissue B concentration and soil solution B 
concentration. A nonlinear regression with a Mitscherlich model was used to assess relative B 
reduction in resin over a 35 day period.  Significance was tested at p<0.05. 
 
5.3 Results and Discussion 
 
In the first experiment, a decrease in soil solution B to below LOR value (<0.05 mg/L) was 
observed in the 1, 2 and 4 times resin rates at day 21, 14 and 7 (Figure 5.2). On the other 
hand, the control and 0.5 rates were observed to equilibrate concentrations at 0.11 and 0.09 
mg/L after 21 days. The 0.5 resin rate provided a soil solution B concentration, which was 
still approximately 40% higher than the expected concentration of 0.06 mg/L (50% of 
control). As the three higher resin rates were beyond point of detection (POD), concentration 
of equilibrium could not be confirmed. Even though equilibrium, for treatments 1, 2 and 4 
times, occurred somewhere below the point of detection, we can deduce that the highest rate 
of resin at 4 times the expected rate lowered boron concentrations quicker than that of the 0.5, 
1 and 2 times resin rate. This would have been attributed to the larger surface area the larger 
volume of resin covered, thus reducing time for diffusion-adsorption reaction to take place. 
The low mean standard error of 0.8% in B concentration between replicates allowed the 
composition of each treatment rate for the second experiment. 
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Figure 5.2: The effect of varying rates of incorporated resin on soil solution B after 21 days of incubation 
at gravimetric field capacity 
In the second experiment, the use of AmberliteTM (IRA-743) resin was able to control B 
concentration in soil solution for the first 35 DAS. The various resin rates 2, 4, 6 and 8 times 
the theoretical sufficient rate decreased soil solution B concentration rapidly in the first 7 
days, and then continued to decrease at a much slower rate. These exponential curves indicate 
that the reaction of soil solution B and the resin took approximately 7 days to occur. 
Treatment 2x was observed to have equilibrated B concentration 21 DAS, with treatments 4, 
6 and 8x continuing the slow decease. Overall, the B concentration in soil solution from 7 to 
35 DAS averaged 0.137, 0.076, 0.058, 0.041 and 0.036 mg/L at 0, 2, 4, 6 and 8 times 
calculated resin rate. The average B concentration in soil solution from 7 to 70 DAS 
(including decrease in concentration 35 DAS) averaged 0.117, 0.061, 0.045, 0.032 and 0.026 
mg/L according to the previous mentioned rates (Figure 5.3). 
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Figure 5.3: Response of soil solution B to varying rates of AmberliteTM IRA-743 resin additions over 70 
days 
As the sunflowers started to establish in the pot, their presence began to destabilize the B 
concentration equilibrium that was created by the resin by decreasing soil solution B at 
approximately 35 DAS (14 days after planting). This was in contrast to results reported in 
Asad et al. (2002) where solution B concentration was consistently maintained throughout the 
75 day experiment (nutrient solution culture), even though loaded B content of the resin 
decreased. There are a few plausible reasons that may have caused the destabilization 
solitarily or in various combinations. First, there may have been an increase in B requirement 
once the plants were established and started to increase in stem biomass. Woody herbaceous 
dicots, such as sunflowers, have a high requirement for B due to their high pectin levels in 
cell walls of lignified stems (Gupta, 1993; Hu et al., 1996). The high B requirement may have 
decreased overall B concentration in soil solution. Second, positively correlated moisture 
requirement to plant biomass resulted in higher turnover of deboronated water entering the 
soil due to the gravimetric field capacity overhead irrigation method. The higher turnover rate 
resulted in lesser time for labile B fractions to enter and replenish soil solution B before 
extraction. This factor could have been minimized by providing more consistent soil moisture 
content through capillary mat irrigation with a constant water table. 
Assuming 100% functionality of the resin at lowest saturation point, plants inability to extract 
adsorbed B, and uniform distribution of resin in soil, a 1x rate of resin would have been 
sufficient to bring soil solution B concentration to 0 mg/L for a certain period of time till 
replenishment from non-labile sources. Contrary to theory, the highest resin rate was still 
unable to reach theoretical 100% reduction of soil solution B at 35 DAS (before 
89 | P a g e  
 
destabilization). At a rate of 2 times, there was a 45% relative reduction of soil solution B. 
Soil solution B reduced with increasing resin rates at 59% and 73% at resin rate 4 and 6 
times. At a resin rate of 8 times, it was observed that the relative reduction had reached a 
maximum B removal at 75% of the control B concentration (Figure 5.4). The lack of 
uniformity in distribution through manual mixing of resin and soil could explain the higher 
resin rates (greater volume) required to reach higher levels of B reduction. As mentioned 
earlier, greater volume resulted in improved contact between resin and soil B, thus reducing 
solution B concentration. However, as the resin adsorbed more B to its surface the 
concentration surrounding the resin increased. This increase would have reduced the strength 
of the diffusive energy thus constraining the resin from continually ‘pulling’ soil solution B 
towards itself. To remove B from solution using B-specific resin, water is usually pumped 
through the resin or the solution is constantly mixed so as to increase contact with the resin 
(Asad et al., 1997a). This study showed that by relying on diffusion process alone, an 
estimated 30% of B would be removed at the calculated rate of 1 times, with a maximum of 
75% B removal at 8 times of calculated rate. 
 
 
Figure 5.4: Fitted curve for relative reduction of soil solution B to control over 35 days for four B-specific 
resin rates 
There was no significant treatment effect on plant biomass (p=0.45), with 0, 2, 4, 6 and 8 
registering 58.3, 59.7, 57.6, 58.7 and 53.8 g top dry biomass. This was in contrast to the study 
conducted by Asad et al. (2002) which reported significant differences in various above and 
below-ground plant parts over a range of soil solution B concentration. It was noted that 
plants also exhibited visual B deficiency symptoms in the mentioned study. Therefore the 
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absence of significant treatment effect was attributed to sufficient B in the soil solution with 
soil solution B concentration not falling below the critical deficient concentration of 0.0014 
mg/L. This was further established from youngest open leaf tissue analysis which indicated 
sufficient B uptake to support growth under lowest available B concentration. 
There was significant response (p<0.001) in B concentrations of above ground plant tissue 
between treatments (Table 5.1). On average, B concentration in above-ground tissue 
decreased by 54 mg/kg as soil solution B was decreased from 0.117 to 0.026 mg/L. Among 
the above-ground plant parts, highest B concentration was observed in older leaves at 149 
mg/kg at 0.117 mg/L B concentration, which was generally typical of a phloem immobile 
nutrient. 
Table 5.1: Boron concentration of vegetative plant parts of sunflower grown for 67 days in red ferrosol 
containing mean boron concentration of 0.026 to 0.117 mg/L  
Treatment Soil solution B concentration 
‡ 
(mg/L) 
Boron concentration (mg/kg)§ 
Old leaves Young leaves Stems Roots 
Total above-
ground parts 
0 0.117 149 a 67 a 17 a 10 78 
2 0.061 117 b 55 b 16 ab 10 63 
4 0.045 71   c 45 c 16 b 6 44 
6 0.032 48   d 36 d 15 c 11 33 
8 0.026 33   e 26 e 14 c 11 24 
LSD (0.05) - 14.2 5.9 1.2 ns† - 
† Not significant 
‡ After initial equilibration 7 DAS, mean concentration over 63 days 
§ Means within column followed by the same letter are not significantly different at p=0.05 
Plant tissue analysis indicated significant decrease of B concentration in both leaves and 
stems, which positively correlated to soil solution B concentration (p<0.001) with r-square of 
0.79, 0.84 and 0.59 for young leaves, old leaves and stems (Figure 5.5). The steeper slope 
indicated that B was possibly mobile in sunflowers and translocated B from the older to 
younger leaves under low B conditions. Brighenti and Castro (2008) and Dannel et al. (2000) 
similarly reported that sunflowers may translocate B from older to younger plant parts 
through borate polyol complexes in the phloem. Furthermore, the higher correlation between 
B tissue concentration in older leaves and soil solution B revealed that sampling older leaves 
might be a better indicator of B status in sunflowers compared to the current YFEL samples. 
This was in contrast to the norm of sampling youngest expanded leaf and correlating nutrient 
concentrations to yield response. Using the current linear equation and the current critical 
concentration of soil B in solution (0.0014 mg/L) resulted in a critical concentration of 25 mg 
B/kg in young leaves, which was similar to that reported in Asad et al. (2002). Additionally, 
using a similar method on older leaves resulted in a critical concentration of 20 mg B/kg. 
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Figure 5.5: Correlation between soil solution boron concentration and boron concentration of four plant 
parts 
Only a small percentage of B absorbed by the sunflower plants was found in the roots 
(between 4 and 12%), while between 7 and 17% was found in the stems. The percentages of 
absorbed B in both the roots and stems were observed to increase with increasing soil 
solution B concentration. The highest percentage of plant absorbed B was found in the leaf 
blades, which decreased with increasing B concentration from 89% at 0.117 mg/L B to 71% 
at 0.026% mg/L B in soil solution (Figure 5.6). This result was dissimilar to Asad et al. 
(2002) where the highest B percentage was found in stems rather than the leaves. This could 
have been attributed to varietal differences in sunflowers used or the change in B distribution 
in the plant after flowering. The latter reason may be more plausible, as sunflowers have been 
reported to be more sensitive to B requirement during reproductive stage than vegetative 
stage (Brown, 2002). However, the decrease in leaf B concentrations were similar to the 
above mentioned study, in which absorbed B percentage in leaves decreased from 50% at 
<0.7μM B to 35% at >3.1µM B. 
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Figure 5.6: Boron content of sunflower plant parts as a percentage of whole plant content at 67 days after 
planting 
Similarly to various studies which have successfully used AmberliteTM IRA-743 resin in 
controlling solution B concentrations in solution culture (Asad et al., 1997a, Asad et al., 
1997b; Asad et al., 2002; Huang et al., 1999), this present study has highlighted the 
possibility of achieving control over B concentration in the soil. To achieve the objective of 
controlling soil solution B at equilibrium, the destabilizing effect of plants entering the 
system must be accounted for and minimized. This could be accomplished by (a) modifying 
the irrigation system to ensure more consistent moisture content in the soil, (b) maximizing 
and equilibrating resin reduction before planting through wetting and drying cycles, (c) 
distributing the resin more uniformly and consistently throughout the growing medium, and 
(d) using soil with lower B content so as to reduce the amount of resin required. 
 
5.4 Conclusion 
 
In conclusion, these results indicated two main points. First, the current method may not be 
able to maintain equilibrium of soil solution B concentration beyond a certain rooting density 
unless the above mentioned points are addressed. Thereafter, a more accurate means of 
quantifying the amounts of resin required to achieve desired B concentration for differing soil 
types is required. Second, older leaves provided a more accurate indication of soil solution B 
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than previously used youngest expanded leaf. Young and old leaf concentrations of 25 and 20 
mg B/kg corresponded to critical soil solution B at 0.0014 mg/L. 
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Chapter 6: General Discussion 
 
This study has shown that a fresh yield of 40 t/ha with a prospective 60-70 t/ha is achievable 
as the agronomic optimum at the study farm site. Factors that will allow prospective yields to 
be realized will be discussed in further details. The cool temperatures experienced during 
planting and establishment phase may have limited yield. Even though final emergence was 
>98%, development was sluggish during the first two months after planting. Keating et al. 
(1982) observed shoot dieback in cassava during the cooler months in South-east 
Queensland. The cool temperatures experienced in the study were not as low as those 
specified in Keating et al. (1982) and did not result in shoot die-back; however, it is evident 
that cool temperatures at planting imposed limitations on crop growth. El-Sharkawy (2004) 
also reported delayed storage root bulking under cooler temperatures experienced in cassava 
grown in highland areas of the tropics. The low harvest index reported in this current study 
(0.40) may support further claims that dry matter partitioning to the roots was delayed due to 
slow establishment. It is known that the period required before onset of storage root bulking 
differs between cultivars. During the early to mid-stage of the growing season (October-
December), irrigation pump malfunctions occurred thus exposing the crop to a period of 
water stress. Water stress at early tuber growth was reported to have adverse effects on yield 
(Baker et al., 1989) In addition, water stress experienced during the development phase was 
more likely to affect eventual yield compared to stress experienced during the later stages of 
development (El-Sharkawy and Cadavid, 2002). 
Plant tissue analysis taken over the course of the growing season indicated that certain 
elements such as N and S, may have limited the crop’s growth potential. YFEL tissue 
revealed probable N deficiency in the crop from approximately December till harvest. 
Nitrogen concentration in the YFEL tissue was observed to fall below the critical 
concentration of 5.7% during this period. The supplementary application of N in February 
may have nullified the effects of the limitation; however, the application was delayed from a 
planned December application due to the above-mentioned irrigation problem. Nitrogen 
deficiency symptoms were not observed in the crop. This may be attributed to variation in 
critical concentration values between cultivars. Even though N leaf concentrations reached a 
low of 4.7% on average between both cultivars, both cultivars managed to achieve extensive 
top growth with no evidence of N deficiency. The only other nutrient that may have been 
limiting was S, which may have fallen below the critical concentration of 0.30% between 
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February and harvest. However, visual S deficiency symptoms were not observed during this 
period. This may indicate that further plant tissue critical concentration studies may have to 
be conducted to confirm current S critical concentration values for cassava. The rest of the 
nutrients were reported to be in adequate supply throughout the growing season, including P. 
In this current study, P was used as a case study to evaluate the use of glasshouse bioassay, 
soil chemical analysis and plant tissue analysis in determining soil nutrient status and its 
availability/requirement in relation to achieving agronomic optimum potential in cassava 
production. Soil Olsen P values indicated a possible P limitation, based on a critical value of 
3-8 mg/kg P. However, from the field trial result on soil 3B, we can conclude that the critical 
value was ≤3 mg/kg Olsen-P. This result was similar to the study conducted by Zaag et al 
(1979). The P case study suggested that certain methods would be superior at representing 
nutrient availability and requirement under certain circumstances. The field trial on soil 3B 
indicated no significant response (p=0.05) of yield to P additions in either cultivar at an initial 
Olsen-P level of 3 mg/kg. In the current study, two different species were used; maize for the 
pot trial and cassava for the field trial. As mentioned in the earlier chapters, these plant 
species had different nutrient requirements. The response to P fertilization was insignificant 
and resulted in p-values of 0.32 and 0.64 in MAus7 and Avoca cultivar. As results were 
insignificant, agronomic fertilizer rate was incomparable between cultivars. However, 
significant difference between P use efficiency and uptake pointed to MAus7 being more 
responsive to P fertilization than Avoca, which was attributed to differences in cultivars’ 
VAM association. This result contrasted with P glasshouse bioassay results, which exhibited 
significant P limitation in the omission trial and significant plant response to P application in 
rate trial, at an Olsen-P of 9 mg/kg. This disparity between glasshouse bioassay, soil chemical 
analysis and field trial results was primary attributed to the role of VAM in nutrient 
acquisition of immobile soil nutrients. The effect of VAM in nutrient acquisition was 
suggested to affect soil chemical analysis derived critical values due to its variation between 
species and cultivar. In addition, pot studies were not able to account for the VAM effect and 
thus poorly represented actual field nutrient status. This inconsistency between glasshouse 
bioassay and soil chemical analysis results was also observed in other nutrients heavily 
associated with VAM such as Zn and to a lesser extent K. This was further evident in the 
differing colonization percentage in both field grown cultivars. MAus7, which had lower 
VAM colonization percentage, was more responsive to P fertilization than Avoca. On the 
other hand, Avoca had higher PUE at low P conditions. In the context of cassava’s extensive 
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fibrous root system and its association with VAM, the application of P through banding may 
reduce the surface area contact between the applied P and roots, thus limiting crop response 
to P fertilization. 
Using the plant response from glasshouse bioassay trial, we can conclude that nutrient 
requirement was based on soil type. The results showed N, P and S to be significantly 
limiting in all five soils at p<0.001, with the exception of S in soil 2A (p<0.01). Other 
nutrients found to be limiting were K in soils 1D and 2C (p<0.05), Zn in soils 1D and 2A 
(p<0.05), and Mo in soils 2A and 2C (p<0.05). The extent of limitation varied according to 
soil type and was evident in the rate trial. The example of N and P in soils 2C and 1D can 
used as a prime example of varying fertility according to soil type. Soil 2C’s agronomic 
optimum N and P addition was 54 and 15 kg/ha while soil 1D’s were 218 and 119 kg/ha. This 
could be attributed to differing nutrient buffering and retention capacities of both soils, 
especially in the case of P. In dealing with blocks that contain 2-3 different soil types, it is 
recommended to find an agronomic optimum rate of individual nutrients base on area that 
soil type covers and economic benefits from applied fertilizer. 
The above discussion has presented that understanding nutrient availability according to soil 
type under field conditions is critical in achieving agronomic optimum yields. As shown in 
VAM association with immobile nutrient acquisition, other factors associated with nutrient 
availability were not represented in the glasshouse bioassay. These factors were largely 
abiotic, and unlike VAM, were intentionally not represented in the glasshouse bioassay. One 
such interaction involved moisture and B, where plants grown in mildly deficient B soils 
were observed to portray B deficient symptoms under water stress. This highlighted the need 
to examine together the soil moisture content and soil B concentrations so as to define the 
stage before the plant became susceptible to B deficiency. The objective was to explore the 
use of AmberliteTM IRA-743 B-specific resin to control soil solution B at equilibrium. The 
results indicated that it was possible to control soil solution B using the technique up to a 
point in time where root density became too high. Thereafter, the technique was unable to 
maintain B concentration equilibrium as the plant began establishing itself in the soil system. 
Factors such as the modifications to the irrigation system, preparation to soil-resin mixture 
before planting and choice of soil based on B content were recommended for the objective to 
be achieved. Additionally, more in-depth studies have to be conducted to verify the 
calculations involved in quantifying the amount of resin required to achieve equilibrium at 
target concentrations in various soil types. Furthermore, the study also implied that critical 
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concentrations in older leaves may provide a better indicator of soil B conditions than those 
in younger leaves. Overall, this study demonstrated the possibility for future studies to be 
conducted on interactions between moisture and B using soil as a growth medium rather than 
more artificial systems.  
In conclusion, the use of soil chemical analysis instead of glasshouse bioassay in determining 
soil nutrient status of elements associated with VAM in cassava production is recommended. 
Even though maize most probably formed a mycorrhizal association during the pot study, the 
small rooting volume would have limited the full effect of the mycorrhizal association. Soil 
chemical analysis was a superior method for identifying soil nutrient limitations; however, it 
required adequate calibration to specific soil type and crop. Furthermore, factors that limit the 
integrity of soil chemical analyses have to be considered when assessing soil nutrient status, 
which was highlighted in the B case study. In the context of cassava production, conducting 
glasshouse bioassay prior to field trials on non-VAM associated elements would provide 
more useful representative results in cassava production. However, due to limitations in pot 
studies involving accurate representation of field VAM effect, it would be more practical to 
directly conduct field trials on P, Zn and K. In regards to achieving agronomic optimal 
cassava production, (a) the optimal management of planting period, (b) basal nutrient 
application, (c) pest and disease control, (d) irrigation, and (e) consideration of VAM effect 
on nutrient acquisition would collectively allow the prospective agronomic optimum yield to 
be determined. Optimizing planting period could be achieved through planting during the 
beginning of the warmer months to reduce establishment time so as to maximize growth 
before the onset of cooler months. Stresses experienced by the plants during the development 
phase have a greater negative effect on yield than stress experienced at the latter phase. These 
stresses may also occur through untimely pest and disease control, periods of moisture 
deficits or the deprivation of key nutrients at certain growth stages. For example, it would be 
critical to ensure adequate P availability during establishment, adequate N during vegetative 
development, and adequate K and S during tuber bulking. Additionally, considering the effect 
of VAM on such nutrient acquisition (P or K) could be paramount in reducing fertilizer and 
labour cost. The results from this study can be applied to the sites in the Burdekin region that 
possess similar soil types and climate. 
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Appendix A: Agronomic field reports for CJACT between APR 2014 – FEB 2015 
 
Cassava Leaf Analysis Report 
 
15 April 2014 
 
 
Gaius Leong, Ryosuke Fujinuma, Colin Asher, and Neal Menzies 
 
 
School of Agriculture and Food Sciences, The University of Queensland 
 
 
 
 
Background 
During 2013, the cassava blocks were often water stressed, and our leaf analyses indicated 
various nutrient deficiencies. Hence we had to recommend a number of nutrient applications 
in an attempt to restore crop health.  This season, CJ ACT has made substantial 
improvements in land preparation and crop management, and has restricted the area of 
cassava to 2 blocks (4 and 7).   This visit provided the opportunity to check crop health and 
recommend any actions required.  
Method 
Over the period of April 14 - 16, leaf samples from Blocks 4 and 7 were collected. Both were 
healthy in appearance, although both had suffered some initial setbacks due to herbicide 
injury. Shortly before our visit, Cyclone Ita had passed through the area causing substantial 
lodging in Block 7 (Figure A.1) where the plants were about 6 months old. Leaf samples 
were taken according to soil type in Block 7, with a further sample taken on plants that were 
exhibiting stunted growth in that Block 7. In addition, a composite sample was taken by 
walking half way through Block 7, and exiting at a different angle, ensuring that both soil 
type 2A and 3B were covered in the process. In Block 4, leaf samples were taken only from 
soil type 2C, the dominant soil in the block. 
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Fig A.1: Crop lodging in Block 7 due to cyclone damage. 
Results 
Overall, the leaf analysis (Table A.1) results confirmed that the cassava in both blocks 
contain adequate concentrations of most nutrient elements. However, in Block 7 plants on 
soil 2A are a little low in calcium, and those in Block 4 are rather high in manganese, but not 
yet in the toxic range. The area of poor growth in Block 7 had similar nutrient concentrations 
in the leaves to other parts of the block, suggesting that any problems were not nutritional.  
Table A.1: Concentration of macro and micro nutrients in YFEL 
Block BLK 7 
(2A) 
BLK 7 (3B) BLK 7 
(Composite) 
BLK 7 
(Stunted) 
BLK 4 
(2C) 
Nitrogen (%) 6.16 5.52 5.83 5.67 5.54 
Phosphorus (%) 0.41 0.33 0.34 0.32 0.32 
Potassium (%) 2.21 1.5 1.61 1.58 1.56 
Calcium (%) 0.56 0.73 0.66 0.81 0.72 
Magnesium (%) 0.37 0.32 0.34 0.34 0.38 
Sulphur (%) 0.41 0.38 0.40 0.37 0.37 
Sodium (%) < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
Boron (ppm) 32 33 30 33 33 
Iron (ppm) 131 108 108 102 93 
Copper (ppm) 11.3 9.9 8.7 8.2 8.4 
Manganese (ppm) 177 212 178 159 332 
Zinc (ppm) 79 66 60 67 55 
Note: Red colour indicates that the nutrient is below the normal range for healthy cassava plants; black colour 
indicates that the nutrient is within the normal range; and blue colour indicates that the nutrient is above the 
normal range. 
 
However, over the next 3 to 4 months bulking up of the tubers in Block 7 will be associated 
with a considerable demand for potassium and other nutrients. Hence, it is recommended that 
modest amounts of potassium, calcium, nitrogen, phosphorus and sulfur be applied via 
fertigation to ensure that healthy crop growth continues until the end of the season. We 
suggest: 
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Calcium nitrate at 200kg/ha (= 48 kg Ca/ha plus 39 kg N/ha) 
Potassium sulfate at 100kg/ha (= 42kg K/ha plus 17kgS/ha) and  
Monopotassium phosphate (MKP) at 50kg/ha (= 14 kgK/ha plus 11kgP/ha)  
 Note: Potassium sulfate and MKP can be applied together, but the calcium nitrate 
should go on separately to avoid precipitation of calcium phosphate or calcium sulfate 
in the trickle tapes. 
Block 4 does not need extra nutrients at this stage, but should be leaf sampled again in 6 to 8 
weeks’ time. 
Note on soil pH 
Soil samples taken by Mr Aaron Moore in early January 2014 showed that soil pH levels 
have decreased from initial values in the range of pH 5.9 to pH 6.5 down to pH 4.9 in Block 4 
and pH 5.5 in block 7.  
At pH value 5.5 and below, the solubility of soil manganese can be high enough to cause 
manganese toxicity in plants, especially if the soil is too wet. Hence careful irrigation is 
needed in Block 4, and use of acidifying fertilizers such as sulfate of ammonia, MAP, or 
DAP should be avoided. (Unfortunately we don't have a non-acidifying source of soluble 
phosphorus, so we are stuck with MKP). Before the land is cropped again, sufficient lime 
should be added to raise the pH of both blocks to about pH 6.0. 
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Cassava Leaf Analysis Report 
 
14 August 2014 
 
 
Gaius Leong, Ryosuke Fujinuma, Colin Asher, and Neal Menzies 
 
 
School of Agriculture and Food Sciences, The University of Queensland 
 
 
 
 
Background 
Our previous reports of leaf analyses in April 2014 indicated substantial improvement to 
nutrient management with fewer and milder nutrient deficiencies. In the report, nitrogen, 
potassium, sulfur and calcium were highlighted to be deficient or bordering on deficiency. 
During that growth stage, potassium and calcium was essential for tuber formation and 
growth thus, even though their status was not deficient, pre-emptive fertilization was 
recommended to ‘see the crop through’. CJ ACT has requested for the new batch of MAus7 
in block 4, which was planted in March 2013, to be sampled. 
Method 
Over the period of August 14 - 15, leaf samples from block 4 were collected. This block 
contains the only existing stock of MAus7 left on the farm. The YFEL (youngest fully 
expanded leaf) samples were taken according to soil type, with a further sample taken on 
plants that were exhibiting insect damage on soil 3B. Samples from soil 3B and 2C were 
taken accordingly. 
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Fig A.2: Block 4 cassava crop (left), and crop damage by the insects (right). 
Results 
Overall, the results indicate satisfactory condition and reflect that we are satisfying crop 
nutrient requirements well, without taking drastic actions to rectify major nutrient problems. 
The leaf samples contain sufficient amounts of the following nutrients: 
• Phosphorus 
• Potassium 
• Calcium 
• Magnesium 
• Boron 
• Iron 
• Copper 
• Zinc 
• Molybdenum 
However, the following nutrients are deficient or very close to the deficient critical 
concentration values. 
• Nitrogen 
• Sulphur 
129 | P a g e  
 
In addition to this, manganese toxicity seems to be a problem in block 4. Previous report in 
April 2014 showed that plants growing in soil 2C were manganese toxic. This current report 
shows that soil 2C manganese concentrations have been reduced to healthy levels, however, 
soil 3B (which have much higher clay content compared to 2C) is suffering from manganese 
toxicity. We need to pay attention to this issue in the next leaf sampling to identify whether 
manganese toxicity have been a persisting problem.  
Table A.2: Concentration of macro and micro nutrients in YFEL 
Block BLK 4 (2C) BLK 4 (3B) BLK 4 (Insect 
Damaged) 
Nitrogen (%) 4.96 5.07 4.53 
Phosphorus (%) 0.39 0.37 0.31 
Potassium (%) 1.87 1.79 1.53 
Calcium (%) 0.94 1.24 1.04 
Magnesium (%) 0.42 0.5 0.41 
Sulfur (%) 0.33 0.33 0.30 
Sodium (%) < 0.05 < 0.05 < 0.05 
Boron (ppm) 36 39 40 
Iron (ppm) 129 138 135 
Copper (ppm) 9.2 9.3 8.1 
Manganese (ppm) 230 420 421 
Molybdenum (ppm) 0.46 0.30 0.37 
Zinc (ppm) 54 58 43 
Note: red colour indicates that the nutrient is at deficient concentration; black colour indicates that the nutrient is 
at sufficient concentration; and blue colour indicates that the nutrient is at excessive concentration. 
 
Block 4 
Both concentrations of macro and micro nutrients were generally in sufficient amounts, with 
only nitrogen obviously below the critical concentration level. Sulfur concentration was 
marginal and deficient in the insect damaged crop. 
We recommend applying: 46 kg of nitrogen, 21 kg of K and 8.5 kg of sulphur /ha 
• Urea at 100 kg/ha (46 kg of N) 
• Sulphate of Potash at 50 kg/ha (8.5 kg S, 21 kg K) 
Nitrogen plays an essential role during vegetative growth and establishment of the top 
biomass, and limiting its availability will bring about negative effects on overall plant health 
and yield. The combination of high rainfall and low pH has made block 4 (majority soil type 
2C) more susceptible to manganese toxicity. Even though there was no visual symptom of 
manganese or iron toxicity present during the leaf sampling, we should also keep an eye on 
manganese, and iron concentrations in the next leaf sampling. Over irrigation should be 
avoided on block 4 to further reduce susceptibility to toxicity. 
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Cassava Leaf Analysis Report 
 
3 October 2014 
 
 
Gaius Leong, Ryosuke Fujinuma, Colin Asher, and Neal Menzies 
 
 
School of Agriculture and Food Sciences, The University of Queensland 
 
 
 
 
Background 
Our previous analysis report in August 2014 indicated overall adequate nutrient management 
with only nitrogen and sulphur highlighted to be deficient and bordering on deficiency, 
respectively. Even though potassium was not deficient, pre-emptive potassium fertilization 
was highly recommended to prevent deficiency during the vigorous development. Therefore, 
rates of urea and potassium sulphate were recommended to be added. 
Method 
Over the period of 2 – 3 October, leaf samples from block 4 were collected. This block 
contains the only existing stock of MAus7 left on the farm. The YFEL (youngest fully 
expanded leaf) samples were taken based on soil types in the block 4, which were soil 3B and 
2C. 
 
Figure A.3: Block 4 cassava crop grown on soil 3B (left), and soil 2C (right). 
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Results 
Overall, the results indicate that the crop is starting to develop more rapidly with increasing 
temperature, light intensity and light duration; these factors promote longer and more rapid 
photosynthesis. Through the leaf analysis, we are finding that there is inadequate nutrient 
available for the crop during this vigorous vegetative development. Drastic and immediate 
action should be taken to ensure the crop receives sufficient nutrients to avoid negative 
impacts such as low crop yield or susceptibility to stress and pathogen in the future. The leaf 
samples contain sufficient amounts of the following nutrients: 
• Phosphorus 
• Potassium 
• Boron 
• Iron 
• Copper 
• Zinc 
• Molybdenum 
However, the following nutrients are showing deficient or highly deficient concentration. 
• Nitrogen 
• Calcium 
• Magnesium 
• Sulphur 
In the previous report (August 2014), nitrogen was found to be deficient, with sulphur being 
marginally deficient. Compared to the previous leaf analysis report, there is a substantial 
overall reduction in all nutrient concentrations. This is apparent across both soil types 
although soil 2C has started to exhibit more pronounced deficiency symptom in the older 
leaves (Figure A.3). In addition to this, brown leaf spot fungi appear to be developing in 
plants exhibiting deficiency symptoms. 
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Table A.3: Concentration of macro and micro nutrients in YFEL 
Block BLK 4 
(3B) 
BLK 4 
(2C) 
Nitrogen (%) 4.68 4.45 
Phosphorus (%) 0.37 0.34 
Potassium (%) 1.70 1.53 
Calcium (%) 0.47 0.46 
Magnesium (%) 0.27 0.24 
Sulphur (%) 0.24 0.24 
Sodium (%) < 0.05 < 0.05 
Boron (ppm) 29.5 29.5 
Iron (ppm) 83 80 
Copper (ppm) 7.7 7.7 
Manganese (ppm) 179.5 147 
Molybdenum (ppm) 0.1 0.1 
Zinc (ppm) 45.5 44.5 
 
Note: red colour indicates that the nutrient is at deficient concentration; black colour indicates that the nutrient is 
at sufficient concentration; and blue colour indicates that the nutrient is at excessive concentration. 
 
Block 4 
During the vigorous vegetative development, concentrations of macronutrients N, S (in the 
case of cassava) and exchangeable cations K, Ca and Mg are generally required in large 
amounts. In our case, we are seeing that nitrogen, calcium, and sulphur are far below the 
critical concentration, while magnesium is just below the critical concentration. We 
recommend applying: 84 kg of nitrogen, 10 kg of phosphorus, 45 kg of potassium, 18 kg of 
calcium and 12 kg of sulphur /ha. As overall nutrient levels are decreasing (including trace 
elements), LiquiFert Diamond will provide the much needed amount of nutrients. 
• Liquifert Diamond at 250 kg/ha (60 kg N, 10 kg P, 45 kg K, plus small amounts of 
Mg and Trace Elements) 
• AquaFert Calcium Nitrate at 100 kg/ha (18 kg Ca, 13.1 kg N) 
• Ammonium Sulphate at 50kg/ha (10.5 kg N, 12 kg S) 
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Cassava Leaf Analysis Report 
 
27 February 2015 
 
 
Gaius Leong, Ryosuke Fujinuma, Colin Asher, and Neal Menzies 
 
 
School of Agriculture and Food Sciences, The University of Queensland 
 
 
 
 
Background 
Our previous analysis report in October 2014 indicated there were insufficient nutrient 
concentrations for the crop to promote potential root development. The limited nutrients were 
nitrogen, calcium, magnesium and sulphur. Between October till December, the crop 
experienced a periods of water deficit and resulted in much of the lower canopy senesced 
(Figure A.4) in December. Periods of water deficit were triggered by irrigation pump break 
downs. Nutrient condition of YFEL (youngest fully expanded leaf) under water-stressed 
conditions will not provide a true depiction of the crop’s nutrient requirements; hence the 
results of leaf sample analyses were not reported. Irrigation was restored in mid-December 
and with it, October’s fertilizer recommendation was also applied. The crop is due for harvest 
in late March – early April.  
Method 
Over the period of 25 – 27 February 2015, leaf samples from block 4 were collected. This 
block contains MAus7 only. The YFEL samples were taken based on soil types in the block 
4, which were soil 3B (no-sodic duplex soils) and 2C (deep sodic duplex soils). 
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Figure A.4: Block 4 cassava crop showing signs of water stress in early December 2014. 
Results 
The results indicate that sufficient calcium and magnesium was supplied through the 
fertigation in December 2014. Overall, concentration of all the nutrients including currently 
limiting ones, nitrogen and sulphur, has improved. The current limitation of nitrogen and 
sulphur indicates additional fertiliser applications (i.e., ammonium sulphate) were required to 
increase nitrogen and sulphur uptake by the crop. For cassava production, large amount of 
sulphur is required during tuber bulking due to cassava’s high concentrations of sulphur 
compounds (i.e., gluco-cyanide) in their plant organs, especially the tubers. At this site, 
nitrogen and sulphur have been the two most limiting nutrient throughout the growth cycle of 
the cassava production. In addition, manganese toxicity appears to be a continuous, worrying 
issue that periodically plagues, not only this current crop, but other blocks too. Manganese 
toxicity has been noted in more than a few instances and had been linked with low pH and 
water logged conditions in past reports. If the latter is the catalyst for continuous manganese 
toxicity, irrigation has to be monitored closely to minimize water-logged conditions. Water-
logged conditions also lead to denitrification where nitrate is converted to nitrous oxides or 
di-nitrogen gases (unavailable to plants).  
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Table A.4: Concentration of macro and micro nutrients in YFEL 
Block BLK 4 
(3B) 
BLK 4 
(2C) 
Nitrogen (%) 4.93 4.56 
Phosphorus (%) 0.34 0.37 
Potassium (%) 1.72 1.77 
Calcium (%) 1.01 0.80 
Magnesium (%) 0.41 0.39 
Sulphur (%) 0.31 0.28 
Sodium (%) < 0.05 < 0.05 
Boron (ppm) 34 33 
Iron (ppm) 89 80 
Copper (ppm) 9.1 8.2 
Manganese (ppm) 325 295 
Zinc (ppm) 56 52 
 
Note: red colour indicates that the nutrient is at deficient concentration; black colour indicates that the nutrient is 
at sufficient concentration; and blue colour indicates that the nutrient is at excessive concentration. 
 
Block 4 
To conclude this cycle of cassava production, problems of irrigation infrastructure appeared 
to be the largest limiting factor. The problems caused significant periods of water deficit 
which affected nutrient uptake and timing of fertilizer application through fertigation. Plants 
grown under stressed condition have been known to increase disease and pest susceptibility. 
These factors would have certainly affected yield potential and therefore, this current yield 
may not provide an accurate representation of the site’s potential in achieving targeted 
cassava yields. This negative effect on yield is especially intensified during early stage 
development. The leaf analysis summary results below were compiled according to soil types 
3B and 2C to provide perspective on the overall nutrient management throughout the crop’s 
development. It will hopefully lead to improved yields in future cassava crops. 
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YFEL Summary Results for Block 4 
Table A.5: Summary of macro and micro nutrient concentrations in YFEL taken from block 4 
 
Soil 3B Aug 2014 Oct 2014 Dec 2014 Feb 2015 
Nitrogen (%) 5.07 4.68 5.67 4.93 
Phosphorus (%) 0.37 0.37 0.35 0.34 
Potassium (%) 1.79 1.70 1.65 1.72 
Calcium (%) 1.24 0.47 0.74 1.01 
Magnesium (%) 0.5 0.27 0.43 0.41 
Sulphur (%) 0.33 0.24 0.32 0.31 
Sodium (%) < 0.05 < 0.05 < 0.05 < 0.05 
Boron (ppm) 39 30 35 34 
Iron (ppm) 138 83 98 89 
Copper (ppm) 9.3 7.7 10.3 9.1 
Manganese (ppm) 420 180 225 325 
Zinc (ppm) 58 46 55 56 
 
 
Note: red colour indicates that the nutrient is at deficient concentration; black colour indicates that the 
nutrient is at sufficient concentration; and blue colour indicates that the nutrient is at excessive 
concentration. 
Soil 2C Apr 2014 Aug 2014 Oct 2014 Dec 2014 Feb 2015 
Nitrogen (%) 5.54 4.96 4.45 5.26 4.56 
Phosphorus (%) 0.32 0.39 0.34 0.38 0.37 
Potassium (%) 1.56 1.87 1.53 1.79 1.77 
Calcium (%) 0.72 0.94 0.46 0.79 0.80 
Magnesium (%) 0.38 0.42 0.24 0.46 0.39 
Sulphur (%) 0.37 0.33 0.24 0.30 0.28 
Sodium (%) < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 
Boron (ppm) 33 36 30 34 33 
Iron (ppm) 93 129 80 80 80 
Copper (ppm) 8.4 9.2 7.7 8.6 8.2 
Manganese (ppm) 332 230 147 298 295 
Zinc (ppm) 55 54 45 55 52 
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Appendix B: Australian Soil Science Society Conference Poster 2014 
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Appendix C: International Society of Root Research 9th Symposium Poster 2015 
 
